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ABSTRACT 
Wide utility of polymers in industrial and scientific applications needs a 
basic understanding of their material properties. In recent years lot of 
interest has been shown in the ion beam induced modifications due to the 
improvement in the mechanical, optical and electrical properties of various 
polymer substrates. High-density electronic excitation and ionizations are 
generated inside the primary track core in the polymer solids irradiated by 
Swift Heavy Ions (SHI) in the electronic region resulting in the change of 
free volume properties which have strong correlation with the macroscopic 
properties of the material. 
The modification of polymers using ion beam irradiation is now well 
established. The availability of heavy ion beams from the accelerators has 
brought new impetus to the field of ion beam modification as dramatic 
modifications in polymeric materials have been observed as a result of 
irradiation of polymers with Swift Heavy Ions (SHI). When an energetic 
particle passes through polymeric material, it loses energy by two main 
processes, namely, by interacting with target nuclei and by interacting with 
target electrons. The former process is called nuclear stopping and the later 
electronic stopping. The outcomes of the ion irradiation on the polymeric 
material include electronic excitations, phonons, ionization, ion pair 
formation, radical formation and chain scission. 
The ion path in the polymeric material is described by cylindrical 
trajectory, called latent tracks. It is surrounded by a halo or penumbra. The 
diameters of tracks and penumbra are velocity dependent, which are of the 
order of 1-10 nm and 100-1000 nm respectively. 
The damage caused by the passage of energetic ion modifies the free 
volume properties of polymeric material. The concept of free volume has a 
significant importance for the gas permeation properties of polymeric 
membranes. The polymeric membranes are extensively employed in 
commercial gas separation applications. The desired properties for the 
selection of polymeric material for making gas separation membrane are 
high permeability, high selectivity and high thermal and mechanical 
stability. In general the polymers which have high permeability, exhibit low 
selectivity and vice versa. It, therefore, has attracted attention of the research 
community to develop membranes which have good permeability and 
selectivity as well. 
The positron annihilation technique is one of the nuclear methods 
which has been successfully applied for the investigation of defect structures 
present in metals, alloys, polymers and technologically relevant materials. 
The positron annihilation technique has the unique combination of (i) high 
detection sensitivity for vacancies and open volume defects (ii) 
differentiation between a variety of defect structures ranging in size from 
vacancy to open volume defects (iii) sensitivity to chemical environment; 
(iv) no need of special sample preparation and (v) sample preservation since 
the technique is inherently non-destructive. 
Positron Annihilation Lifetime Spectroscopy (PALS) is capable of 
determining size distribution, fraction, and anisotropic structure of holes and 
free volumes in polymers. The atomic scale free volume holes are detected 
on the basis that positronium (Ps) atoms are formed and localized in the free 
volume holes. 
When energetic positrons from a radioactive source are injected into a 
condensed medium they first slow down to thermal energies in a very short 
time of the order of 1 ps. Finally after living in thermal equilibrium the 
positron annihilates with an electron from the surrounding. The average 
lifetime of positrons is the characteristics of each material and varies from 
100 to 500 ps. During the slowing down process or near themialisation state 
a positron may pick up an electron from the environmental molecules and 
form a bound state, the so called Ps atom. Therefore, between the time of 
thermalisation and the time of armihilation the positron exist in both positron 
and positronium state in molecular substances. In a polymeric material a few 
percent of free volume fraction exists at a size of few A and thus positron 
and positronium have sufficient chance to sense the existence of such holes. 
Therefore, one expects that annihilation signals are mainly from the 
positron and Ps annihilation in free volume holes. Ps atom has two spin 
states (i)p<3ra-positronium (p-Ps), spin zero ( t | ) , lifetime in vacuum 125 ps, 
decays into two gammas; and, (ii) orr/20-positronium (o-Ps), spin one (ft), 
lifetime in vacuum 142 ns, decays into three gammas. The o-Ps lifetime in 
condensed matter is considerably smaller than the vacuum value of 142 ns, 
because of pick-off annihilation of positrons by surrounding electrons. 
Nevertheless, this lifetime is longer than the lifetime of other positrons in the 
same material, because the electron in the o-Ps partially shields its positron 
from the electrons with antiparallel spins, which would annihilate it more 
rapidly. Polymers with large free volumes form a favorable environment for 
o-Ps atoms which can survive as long as 4 ns. The value of the lifetime of 
this component, as well as the relative intensity give the useful information 
about the free volume. 
Permeation of a specified gas depends on the free volume holes in the 
polymers. The permeability of polymeric membranes can be modified by ion 
irradiation and subsequent track etching. 
Infra Red Spectroscopy is one of the most powerful analytical technique 
which offers the possibility of chemical identification. Fourier Transform 
Infra-Red (FTIR) Spectroscopic technique can be employed to investigate 
the ion beam induced modification of polymers to shed light on bond 
breaking. The nature of chemical bonds of polymers can be studied through 
the characterization of the vibration modes determined by FTIR 
spectroscopy. 
The polymeric samples consist of crystalline and amphorous regions 
in different proportions. X-ray diffraction (XRD) is widely used for 
identification of crystalline phases and thus can be used for structural 
modifications in polymers due to SHI irradiation. 
In the present study various polymeric materials were irradiated with 
different heavy ions from UNILAC (heavy ion accelerator) at G.S.I. 
Darmstadt, Germany and 15 UD Pelletron at Nuclear Science Centre 
(N.S.C), New Delhi, India as follows: 
(i) Makrofol- (KG, KL & N) and CR-39 by ^°Ar (14.9 MeV/n) to the 
fluence of 10^  ions/cm^ from UNILAC, GSI. 
(ii) CR-39 by '"^ A^u (13.5 MeV/n) to the fluence of 10^ ions/cm^ from 
UNILAC, GSI. 
(iii) Makrofol-(KG, KL & N) by 100 MeV ^^ Si to the fluence of 10^  
ions/cm^ from Pelletron, N.S.C. 
(iv) Makrofol-N by 70 MeV '^C to the fluence of 10^-10^ ions/cm^ from 
Pelletron, N.S.C. 
(v) CR-39 (DO?) by 70 MeV ^^ C to the fluence of 10^' to lO'^ ions/cm^ 
from Pelletron, N.S.C. 
(vi) Polyamide Nylon-6 by 70 MeV '^ C to the fluence of 10 '^ to lO'^ 
ions/cm from Pelletron, N.S.C. 
(vii) Polystyrene by 70 MeV '^ C to the fluence of 10'° to lO'^ ions/cm^ 
from Pelletron, N.S.C. 
The characterization of above heavy ion-induced modifications have 
been carried out by PALS, Gas permeability measurements, FTIR 
spectroscopy and XRD. 
In this Thesis an account of the work has been presented in the 
subsequent chapters as follows: 
Chapterl describes the introduction to the topic of the thesis and the 
importance in the field of material science. The utility of 
polymers, heavy ion induced modificafion of the polymeric 
materials, membrane separation technology, track study and 
positron annihilation in polymers are discussed. A brief review 
of the work done so far is also presented. 
Chapter 2 gives an account of description of the experimental techniques 
with their relevant details used in the measurement carried out 
in the present study. This chapter covers the details of (i) the 
polymers and their chemical structure, (ii) Irradiation methods 
used at UNILAC, GSI, Darmstadt, Germany and at 15 UD 
Pelletron accelerator at Nuclear Science Centre (NSC), New 
Delhi, India, (iii) Positron Aimihilation Lifetime (PAL) 
measurements technique, (iv) Gas Permeability measurement 
technique (v) Fourier Transform Infra-Red (FTIR) spectroscopy 
and X-Ray Diffraction (XRD). 
Chapter 3 This chapter deals with the measurements carried out using 
Positron Annihilation Lifetime Spectroscopy (PALS). Ion 
induced modification in Polycarbonates [(Malcrofol-KG, KL, 
N), CR-39, CR-39 (DOP)], Polystyrene and Polyamide Nylon-6 
AO 1Q7 19 98 
irradiated by ""Ar, '"Au, *X, '°S i ions has been characterized 
by PALS. Average free volume in polymer samples is found to 
increase with the fluence in low fluence regime where as it 
decreases for higher fluence. The results have been discussed. 
Chapter 4 In this chapter the modification in Polycarbonates (Makrofol-
KG 8L N ) gas separating membranes by Swift Heavy Ions (SHI) 
has been studied. The permeability of H2 and CO2 gases in 
these etched track membranes is measured and the results are 
explained on the basis of change in free volume. 
Chapter 5 In this chapter the results of characterization of chemical and 
structural modifications in CR-39 (DOP) and Polyamide Nylon-
6 polymers irradiated with C ions are reported. Due to 
irradiation, the FTIR pattern of Polyamide Nylon-6 gives an 
indication of chain scission and XRD patterns show crystalline 
and amorphous regions in the polymers studied, 
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Chapter I 
Introduction 
1.1 Importance of radiation in the field of Material Science 
Many fields such as micro-electronics, biology and medicine, surface and 
membrane technology, magneto-optics and low temperature physics-require a high 
degree of geometric control on a microscopic scale. Ion irradiation offers a possibility to 
modify the properties of the materials in a controlled way on microscopic scale. Ionising 
radiations have a definite range of penetration, a high local confinement of deposited 
energy Eind can be generated conveniently in large quantity. The created damage zones 
can be stored indefinitely in many insulators and can be used to initiate a phase 
transformation process that modifies the material along the latent track. One ion suffices 
to induce-physically and chemically a submicroscopic change in the target material and 
there by can render it susceptible to the development process [1]. 
A lot of work in this field of ion beam treatment has been carried out to 
investigate the interaction of charged particles with matter. The application of ion beams 
nowadays range from the use of low energy ions in the field of surface technology to the 
application of relativistic heavy ions in radiation therapy. 
1.2 Polymers 
Polymer is a generic name given to a vast number of materials of high molecular 
weight. Depending on their origin they can be grouped as natural and synthetic polymers. 
Owing to the presence of carbon in their backbone structure they can be classified as 
organic and inorganic polymers. According to its ultimate form and use, a polymer can be 
classified as plastic, elastomer, fiber or liquid resin [2]. While the chemical structure of a 
macromolecule depends on the chemical nature of the monomeric units, the geometrical 
structure depends on the spatial arrangement of the monomeric units with respect to each 
other. Polymers exist only as solid or liquid but never as gas as they decompose before 
reaching their boiling point [3]. Due to their low cost easy processibility, low weight. 
high corrosion resistance, high electric resistance, durability, etc., polymers are fast 
replacing metals and alloys in many applications and are extensively used nowadays in 
the field of industries, science and technologies, particularly in space and nuclear 
technology. 
The application of ionizing radiations in polymeric materials has grown due to the 
fact that the physical and chemical properties of the polymers can be modified by in a 
controlled way. Interest has also evolved in the peculiar nature of the ion-polymer 
interactions. Thus the field of polymer modification by ion beam treatment and 
characterization has become a very challenging field owing to the vast technological 
implications. 
1.3 Heavy Ions 
Atoms consist of nuclei and electrons. If some of the negatively charged electrons 
orbiting the tiny positively charged nucleus are removed from the atom, an ion is left. If 
heavy atoms undergo this process, they are called heavy ions. In the last two decades 
heavy ions have emerged as a major tool in atomic and nuclear physics. Light and heavy 
atoms ionized to a high degree resemble those found in hot stars. Hence, the actual 
situation in stars could be simulated and clarified through laboratory experiments on 
earth. The information about the nuclear structure can be obtained by the production of 
deformed heavy system by ions of different energies. Various areas of research in nuclear 
physics are fusion reactions, high spin states, dissipative collisions, deep inelastic 
collisions and exotic nuclei etc. In addition the relativistic heavy ion collisions provide 
the challenging and wide-open frontier of modem nuclear science. The discovery of new 
elements and the search for super heavy elements is another field where heavy ion 
research is aimed at. The development of the techniques for accelerating particles led to 
the construction of new accelerators, and modification in the existing linear accelerators 
cyclotrons, phasotrons and synchrophasotrons with a view to accelerate ions of heavy 
atoms to energies ranging from a few MeV to several GeV per nucleon. 
1.4 Effects of ion irradiation on polymers 
The irradiation of energetic ions affects the physico-chemical properties of the 
polymeric materials. The primary phenomena associated with the interaction of radiation 
with the polymers are chain scission, chain aggregation, molecular emission and 
formation of double bonds [4]. Various gaseous molecular species are released during 
irradiation. The most prominent emission is of Hydrogen, followed by less abundant 
heavier molecular species which are scission products from the pendant side groups and 
chain-end segments. Cross-linking occurs when two free dangling ions or radicals pairs 
on neighbouring chains unite. Double and triple bonds are formed when two 
neighbouring radicals in the same chain unite. Cross-linking enhances the modulus and 
hardness of the polymer. In partially crystalline polymers, it imparts a non-melting 
behavior and above the crystalline melting point the cross-linked polymer exhibits rubber 
elasticity. Radiation degradation is random chain-scission process, which reduces the 
molecular weight of the polymer, thus, plasticising the material. All these effects depend 
on the composition, density, molecular weight of the polymer, temperature and time of 
irradiation, mass, energy, charge and fluence of the ion beam. The energy deposition by 
the traversing ions triggers a wide range of complicated processes and may cause 
permanent changes in the spatially limited regions known as latent tracks [5]. The track 
of a highly ionising particle in a polymer consists of a core in which intensive destruction 
occurs and a halo where the cross-linking of macromolecules predominate. The process 
of creation of cross-linked region around the track core can be described by the following 
scheme [6]. 
(i) Generation of a number of hydrogen atoms and ions in the core. 
(ii) Their diffusion to the surrounding space and interaction with macromolecules 
initiating the formation of interior radicals. 
(iii) Recombination of radicals. 
The ultimate changes in the polymer depend on the competition between the processes as 
well as the effects of delta electrons. 
Chemical etching is the technique for amplification of these latent tracks. This 
technique is based on preferential attack of the chem.ical solution to the region along the 
particle trajectory [7]. The sensitivity of polymeric track detectors is known to be affected 
by various factors such as purity of the monomer, the molecular structure of the 
polymers, polymerization conditions, and environmental conditions during irradiations 
and etching. 
Recently, there has been growing interest in the Swift Heavy Ion (SHI) irradiation 
of the polymeric material. The SHI bombardment modifies the mechanical [8,9] electrical 
[10-12], optical [13,14], and adhesive characteristics [15] of polymeric material. 
Attempts have also been made to alter the gas transport properties of the polymeric 
membranes by SHI bombardment [16-18]. The SHI induced effects have been studied 
using various techniques such as Rutherford Backscattering (RBS) [16,19], Fourier 
Transform Infrared Spectroscopy (FTIR) [20-22], UV-Visible Spectroscopy [23], X-ray 
Photoelectron Spectroscopy (XPS) [10], Raman Spectroscopy [10], Scanning probe 
microscopy [24], Quadrupole Mass Analysis (QMA) [25], Residual Gas Analysis (RGA) 
[22], Electron Paramagnetic Resonance (EPR) Spectroscopy [19], neutron depth profiling 
[19], polarized fluorescence [26], Chemical etching etc. In recent years the Positron 
Annihilation Spectroscopy (PAS) has been developed as a useful tool in probing the 
microscopic and local properties of polymers [27]. One of the great successes in this area 
of research is the determination of micro-structural properties of the defects, such as free 
volumes and holes, on an atomic scale (2-20 A) in polymers. It has been demonstrated 
that the Positron Annihilation Lifetime Spectroscopy (PALS) is capable of determining 
size, distribution, fraction and anisotropic structure of holes and free volumes in polymers 
[28-35]. The high sensitivity of PAS in probing defect properties arises from the fact that 
the positronium atom (Ps) an atom consisting of a positron and an electron is 
preferentially localized in atomic-scale free volume and holes. 
1.5 JMotivation 
It is important to study the structure and dynamic properties using as many 
different probes as possible. It is expected that different experimental studies will bring 
out complementary aspects and, together with computer simulation and theoretical work 
will lead to a complete picture and may help in developing new polymers with precisely 
tailored properties for specific applications. The motivation behind the present work is to 
study the ion induced damage in the polymers using PALS, Optical studies and Structural 
changes studies. The study of polymeric materials chosen for the present study is the one 
commonly used in the Positron Annihilation studies. The effect of SHI on the permeation 
properties of the membranes is also investigated. A better understanding of the damage 
production by ion bombardment and its impact on the gas permeation properties is 
attempted. 
1.6 Ion induced modifications 
1.6.1 Energy loss mechanism 
The fast ions are continually decelerated during their passage through niatter. During this 
process, they transfer considerable amount of energy to the electron and nuclei of the 
material along their path in a very short period of time. This high local energy density 
leads to the irreversible chemical and structural changes. The incident energetic ion, 
depending upon the energy, interacts with the target through two main processes: (i) 
interaction vvath target nuclei called nuclear stopping and (ii) interaction with target 
electrons called electronic stopping. In the low energy regime, the nuclear energy loss 
arises from collisions between the energetic particle and target nuclei which cause atomic 
displacements and phonons. Displacement occurs when the colliding particle imparts 
energy greater than certain displacement threshold energy, Ed, to a target atom. 
Otherwise, knock-on atoms cannot escape their sites and excited lattice atoms and 
electrons lose their energy through vibrational decay as phonons and plasmons. 
respectively. The energy that recoil requires to overcome the binding forces and to move 
more than one atomic spacing away from its original site is Ed. As the nuclear collision 
occurs between two atoms with electrons around nucleus, the interaction of an ion with a 
target nucleus is treated as the scattering of two screened particles. Nuclear stopping is 
derived with consideration of momentum transfer from tiie ion to target atom and tlie 
interatomic potential between two atoms. Thus the nuclear stopping varies with ion 
velocity as well as with the charges of two colliding atoms. Nuclear stopping becomes 
important when an ion slows down to approximately to Bohr velocity i.e the velocity of 
orbital electron. Therefore, the maximum energy loss due to nuclear stopping occurs near 
the end of an ion track. For nuclear stopping, the distribution of the energy transferred to 
the material by the energetic particle per unit distance, called the energy loss, has a 
maximum around 1 KeV per amu and extends to around 100 KeV per amu. The energy 
loss of an ion in the material as a fiinction of the ion energy is shown qualitatively in 
Figure 1.1. As the energetic ion passes through a medium, its orbital electrons are 
stripped off to varying degree, depending upon the ion velocity. The effective charge on 
positive ion depends upon ion velocity and Bohr velocity. Electronic energy loss arises 
from electromagnetic interaction between the positively charged ion and target electrons. 
One mechanism is called glancing collision (inelastic scattering, distant resonant collision 
with small momentum transfer) while the other is called knock-on collision (inelastic 
scattering, close collisions with large momentum transfer). Both glancing and knock-on 
collision transfer energy throug electronic excitation and ionization. Electronic excitation 
is the processes in which an orbital electron is raised to a higher energy level, whereas, in 
ionization, an orbital electron is ejected from the atom. All excited electrons (plasmons) 
eventually loss energy as they thermalize. Glancing collision are quite frequent but each 
collision involves a small energy loss (<100eV). On the other hand, knock-on collisions 
are very infrequent but each collision imparts a large energy to a target electron. These 
Knock-on electrons are often called S-rays or secondary electrons. The theoretical and 
experimental evidence suggested that approximately one half of the electronic energy 
loss is due to glancing collisions and other half to the knock-on collisions [37, 38]. 
Nuclear collisions create recoil atoms and these recoil atoms also lose their energy 
through nuclear electronic processes until all excited electrons and dissipating energy 
through phonons and plasmons. The phonons and plasmons decay mostly through 
thermal and radiative processes. For small atoms such as H or He, nuclear stopping is 
negligible because their nuclear collision cross-sections are very small at most energies of 
interest. Nuclear stopping, however, becomes important for ion species with large 
number of nucleons. The unit is taken eV/A used for the energy loss per unit path length 
or Linear Energy Transfer (LET). The energy partitioning between the different loss 
processes can be simulated by a Monte Carlo simulation program "Stopping and Range 
of Ions in Matter (SRIM)" [39]. 
1.6.2 Ion track formation 
The interaction of ions with electrons of the target atoms (electronic stopping) 
predominates at the energies above 100 KeV / amu. Due to small mass of the electron, 
the energy transferred to any individual electron is low as compared to the available ion 
energy and as a result, the ions are continually slowed down with out being deflected 
from their path. Due to highly charged state associated with a high-energy transfer, heavy 
ions leave behind cylindrical zones of irreversible chemical and structural changes. These 
regions of small diameter are not immediately visible and are thus known as latent tracks. 
The formation of ion tracks occurs as a series of processes which follow one another as 
shown in the Figure 1.2. The energetic ions transfer energy to the target electron during 
the interaction time of around 10"'^  to 10''^ seconds. The secondary processes follow 
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Figure 1.2: Schematic of the most important process in the formation of tracks, arranged 
according to primary and subsequent processes. The time scale in 
which the process occur is shown on the right-hand side. 
within 10"'^  to 10"'^  seconds. These secondary processes are responsible for distributing 
the energy deposited by an ion throughout the cylindrical region. The recording processes 
within this region last for about 10'"^ seconds and eventually lead to formation of 
permanent damage. Swift Heavy Ions release electrons along their path. The released 
electrons have a broad spectrum of kinetic energy and trigger considerable ionizations on 
their ovm. This electronic collision cascade spreads out rapidly and carries away energy 
and charge from the ion path. The range of this atomic collision cascade defines the core 
of the latent track and has a diameter of less than 10 nm. The track core is surrounded by 
a halo corresponding to the maximum range of the secondary (S) electrons of about 100-
1000 nm [20]. Energy transfer processes which ultimately give rise to a zone of high 
defect density, are explained on the basis of Coulomb explosion and thermal spike 
models. The Coulomb explosion model is based on the assumption that the ionized atoms 
along the path of the ion explosively repel one another and are displaced from their 
original positions. The thermal spike model assumes that the energy deposited by the ions 
leads to localized temperature increase in the immediate region surrounding the ion path. 
1.6.3 Structural and chemical changes due to ion irradiation 
During irradiation, various chemical and structural changes occur in the polymeric 
materials. Coulomb interactions between ions and electrons of host atoms, excessive 
bond stretching due to localized energy deposition and atomic displacement by nuclear 
collision can release pendant atoms such as hydrogen and cause bond breakage or chain 
12 
11 
H H 
' J / i Exciton 
— C — ^ — Phonons 
H 
H 
1 1 
C -
H 
H 
1 1 
+ 
• C 
4- e " Ionization 
H II 
11 
I E ' . . -
Q— > — C — C — 4- H"^  Ion pair 
I I I 
M H H 
Radical 
pair 
H 
1 . 
C —C — + -H 
I I 
H H 
H H 
P , + • € Scission 
I I 
H 11 
Figure 1.3: Typical effects of ion irradiation which include electronic excitation, 
phonons, ionizations, ion pair formation, radical 
formation and chain scission [82] 
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species which are scission products from the pendant side groups and chain and segments 
and their reaction products. Figure 1.3 illustrates various functions & chemical entities 
created by irradiation. Cross-linking (CL) occurs when two free dangling ion or radial 
pairs on neighbouring chain unite, whereas double or triple bonds are formed if two 
neighbouring radicals in the same chain unite. Both CS and CL alter the free volume of 
the polymer which is a moving open space in the molecular matrix. The macroscopic 
properties of polymer such as mechanical [40] and gas permeation [41, 42] depend upon 
the free volume of the polymeric material. 
1.7 Positron Annihilation Spectroscopy in polymers 
Positron Annihilation Spectroscopy (PAS) has become well established as 
probably the most effective and successful technique for the direct examination of the 
free volume in polymers. Unlike other method used to determine free volume in 
polymers, PAS is capable of determining the local hole size and free volume fractions in 
polymers without interfering significantly with the bulk of the polymers. PAS has also 
been developed to be a quantitative probe of the free volume. Not only does the technique 
probe the free volume size and fractions of free volume, but it also gives detailed 
information on the distribution of free volume hole size in the range from 1 to 10 A. The 
annihilation of positrons in condensed matter provides a unique way of obtaining 
information about the internal structure of material. This information is transmitted 
through y-rays, emitted when the positron annihilates in the material. The internal 
structure of the material may be probed by measuring tliree fundamentally different 
quantities; (i) angular correlation between emitted y-rays, (ii) the energy distribution of 
the y-rays and (iii) the lifetime distribution of positrons. Thus, the Positron Annihilation 
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Spectroscopy is a family of three experimental techniques: Angular Correlation of 
Annihilation Radiation (AGAR), Doppler Broadening Spectroscopy (DBS) and Positron 
Annihilation Lifetime Spectroscopy (PALS). The three methods of positron annihilation 
are shown in Figure 1.4. All these techniques have been applied to polymers. The PALS 
has been used in the present study to characterize the modifications in the polymers 
induced by the ion bombardment. 
1.7.1 Positron Annihilation Lifetime Spectroscopy (PALS) 
The positron annihilation technique is one of the nuclear methods used in materials 
science. This technique is a tool for the study of defect spectroscopy and electron band 
structure. Almost all experiments use the properties of the two-gamma annihilation 
reaction. 
e"^  + e" -^ 2y 
When a positron with an energy of few hundreds of KeV, e.g. from nuclear decay from 
radioisotopes such as Na enters molecular solid, it interacts with the molecules through 
elastic collision processes. It reaches the thermal energy in a few 10"'^  seconds. During 
thermalization and at nearly thermalized stage, a positron may capture an electron from 
the environmental molecules and form an atom of positronium (Ps), a bound state of 
positron and electron similar to a hydrogen atom. Therefore, during its lifetime, the 
positron may exist in both positron and Ps states in molecular solids. The polymeric 
materials contain local free volumes, which have the size of few A. These are the 
favourable sites where positron and Ps atoms are localized before annihilation [43. 44]. It 
is schematically shown in the Figure 1.5. The positron in the polymeric material has 
following possible states at the time of annihilation: (i) free (delocalized) and / or 
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localized positron state and (ii) free and / or localized Ps state. The localization sites arc 
free volume holes, which are more favourable sites than the bulk for positrons and Ps.The 
Ps probes only free volume regions and is not interfered by the bulk properties of the 
polymeric material [46]. The Ps atom has two spin states: (i) an anti parallel spin state 
called para-positronium (p-Ps or singlet) and (ii) a parallel spin state called ortho-
positronium (o-Ps or triplet) with a relative formation probability of 1:3. The p-Ps in free 
space annihilates with mean life of 125 x 10"'^  s by emitting two y-rays of 511 KeV each, 
in opposite directions whereas o-Ps armihilates in vacuum with mean life of 142 x 10' s 
by emitting three y-rays (continuous energy spectrum). The o-Ps lifetime in condensed 
matter is considerably smaller than the vacuum value of 142 x 10"^  s, because of the pick-
off armihilation of positron by the surrounding electrons of appropriate spin orientations 
(anti-parallel one) via two-quantum emission. The lifetime of the o-Ps confined in the 
local free volume of the polymer lies typically between 2 to 5 x 10"^  s [44, 47-50]. The 
positron lifetime is registered as a time difference between the emission of the 1.27 MeV 
y-quantum generated almost simultaneously with the positron in ^^ Na isotope which is the 
most commonly used positron source and one of the 0.51 MeV annihilation y-quanta. The 
detailed description of the experimental technique is given in Chapter II. The lifetime 
spectrum of the polymeric material is conventionally described by a sum of discrete 
exponentials: 
N(t) = II,e-^' ' (1.1) 
Where n is the number of exponential terms, I, and X\ represent the number of positrons 
(intensity) and the armihilation rate respectively for the annihilation from the ith state. The 
positron annihilation rate, X\, the reciprocal of positron mean lifetime, ij. It is an overlap 
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Figure 1.5: Schematic view ofPs localization m free volume holes in a 
polymeric material /45/ 
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integral of the positron density, p+, and the electron density, p-, at the site of annihilation: 
l = Constant X J p. (r) p+(r) dr (1.2) 
Where constant is normalization constant related to number of electrons. The PAL 
spectrum is fitted by a finite number of component terms, n, using the computer codes 
[51-52]. For amorphous polymers n = 3 is selected to fit the observed lifetime spectrum. 
A typical positron lifetime spectrum in polytetrafluroethelene, commercially known as 
Teflon is shown in Figure 1.6. The three components which, appear in the lifetime 
spectrum, are attributed to the armihilation of p-Ps, free positrons (not Ps) and o-Ps. The 
shortest component, TI = 0.13 ± 0.03 ns with intensity I; = 7- 20 %, is attributed to p-Ps. 
The intermediate component, xj = 0.4 - 0.5 ns and intensity I2 = 40 - 60 %, is attributed 
to the direct annihilation of positrons. The longest component, 13 = 2 - 5 ns and intensity 
between 10-30 %, is attributed to o-Ps armihilation in free volumes. The o-Ps lifetime is 
found to sensitively depend on the size of the free volume [48 - 50]. The PAL spectrum 
expressed in equation 1.1 as a discrete distribution of lifetime can also be expressed as a 
continuous distribution of lifetime against intensity. In that case, the summation in 
equation 1.1 is replaced by an integral. 
N(t) - lla(k)e^'dX (1.3) 
Where X a (X) is the probability density function (pdf). The pdf is obtained by 
deconvoluting experimental curve with exact instrumental resolution function and 
inverting in Laplace transform [53-54]. 
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Figure 1.6: A typical lifetime spectrum of Teflon (polytetrafluroethelene) [53] 
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1.7.2 Nano-Void detection by PAL 
o-Ps lifetime which is due to annihilation by pick-off process is determined by the 
overlap of Ps wave function with bulk electrons of surrounding medium and the o-Ps 
lifetime becomes dependent on the trap size. Thus, the PAL method can used to probe the 
free volume in amorphous media. The relation between free volume size and the o-Ps 
decay rate, ^3, is given by Tao-Eldrup model [55,56], assuming that the Ps is trapped in a 
spherical hole with radius Ro = R + AR having an infinite potential barrier. This simple 
model for Ps confined in a spherical box is schematically shown in Figure 1.7. Tao-
Eldrup model treats the o-Ps atom as a single scalar particle with twice the electron mass 
trapped in an infinite spherical potential well in the grovmd state. In the central portion of 
the well the o-Ps atom is assumed to have an infinite lifetime (the finite 142 ns vacuum 
lifetime is ignored) and with in a distance AR from the walls of the well the o-Ps atom is 
assumed to have the spin-averaged Ps lifetime. The overall annihilation rate is calculated 
by averaging the annihilation rate over the volume of the pore using the square of the 
normalized o-Ps wave fimction as a weighting factor. Since lifetime is ignored, the 
calculated annihilation rate is actually the pick-off annihilation rate due to interactions 
with electrons in the walls of the well. Using this model the annihilation rate of o-Ps 
trapped in a pore of radius R + A R is given by X where >. = (1 + Xi + X3) / 4 is the spin-
averaged vacuum annihilation rate and Xi, X3 are the singlet and triplet vacuum 
annihilation rates. This model has one free parameter, A R, which is determined to be 
1.66 A by fitting to data taken in well characterized small pore materials such as zeolites 
[57] and has been shown to be quite material independent. 
21 
Energy = oo 
Electron layer 
thickness 
Figure 1.7: A schematic diagram for a semi-empirical quantum model for Ps localized 
in a spherical box with a radius R, which includes the radius of 
free volume hole Ro, and a uniform electron layer with a thickness R. 
The ground state Ps wave function is schematically shown and the 
annihilation rate is proportional to the overlap between the Ps 
and electron densities as shown in the shades area [46]. 
22 
This treatment neglects both the finite o-Ps lifetime in the central portion of the well and 
the possibility that excited states in the well may be populated. For pores, Inm in radius 
at room temperature both these effects can be ignored since typical pick-off annihilation 
rates of order 0.5 ns'' are much larger than ,^3 and since the energy gap between the 
ground state and the first excited state, of order 140 MeV, is larger as compared to kT. 
Assuming that the annihilation rate of o-Ps inside the electron layer is 2 ns"', which is the 
spin averaged annihilation rate of p-Ps and o-Ps and is also very close to annihilation rate 
of Ps [46], the o-Ps lifetime as a function of free volume radius R is given by 
Xy 2 \ ^0 J 
where Ro = R + A R 
The correlation between, T3, and free volume (spherical) is shown in Figure 1.8. 
1.7.3 Importance of Positron Annihilation Spectroscopy (PAS) 
Information two types of can be obtained from the positron annihilation experiments. 
One related to the electron density at the annihilation site and other related to momentum 
distribution of the electrons. Angular correlation or Doppler broadening experiment gives 
information regarding to the distribution of electron momenta. The experiment of two 
gamma to three coincidence ratio gives the information regarding the fraction of 
positrons, which are annihilating after positronium formation. The same is also obtained 
by lifetime measurement method. 
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The electron density distribution is substantially affected by defects, present in the crystal 
and the mean lifetime of positron is sensitive to electron density. Thus the lifetime 
measurement method is commonly employed for these studies. There are mainly three 
reasons for the rapid growth of Positron Annihilation Spectroscopy. 
(i) Positron can provide unique information on a v^ i^de variety of problems in 
condensed matter physics, 
(ii) Positron annihilation can be applied in the field of non-destructive testing of the 
material as the information is carried out of the material by the penetrating 
annihilation radiation, 
(iii) Equipment is not very expensive and is commercially available now a days. 
1.8 Membrane Separation Technology 
Polymeric membranes are used as selective membrane and can be used for liquid, 
ion and gas separation depending upon the chemical and structural features of the 
polymeric material and on the shape and size of the pentrant. Modification in membrane 
can be produced by the passage of Swift Heavy Ions (SHI) in the material. Chemical 
etching under controlled conditions is used to dissolve the damaged area. The track 
etched membrane offer distinct advantage over conventional membrane due to precisely 
determined structure. The pore size, shape and density can be varied in a controllable 
manner. 
1.8.1 Types of membranes and their applications 
Membrane based separation process are attractive for several reasons, namely, (i) 
simplicity of the process (ii) No phase change is involved which is measured in 
commercial applications as energy saving, (iii) The process is generally carried out at 
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atmospheric conditions, which besides being energy efficient, can be important for 
sensitive applications encountered in pharmaceutical and food industry, (iv) The 
membrane can be designed to achieve the desired separation. 
Membranes used for separation is classified as porous and non porous membranes. 
1.8.2 Porous membranes 
The porous membranes can be defined in terms of their pore size. Such membranes are 
then classified as either micro porous or ultra porous membranes. The micro porous 
membranes have pore sizes in the range of 0.2 ^un to 3 ^un, with the transport of 
penetrant molecules through these pores labelled as viscous (Poiseuille) type [58, 59]. 
The pressure driven molecules then flow through the membrane independent of their size, 
shape or mass, there by rendering the microfilteration process as non-selective on a 
molecular scale. The ultrafiltration membranes, with a pore size of less than 10 run are 
more useful for penetrant separation on a molecular level. The separation is mainly 
achieved by 'sieving' of molecules. Frictional resistance in pores also plays an important 
role during the separation process. The penetrant transport is labelled as 'Knudsen Flow', 
where the pore size of the membrane is smaller than the mean free path of molecules. The 
diffusion rate of the molecule is then related to the inverse square root of its molar mass 
[59, 60]. The separation achieved is very low, except for the case where molecules with 
significant molecular weight difference are being separated. The membranes are being 
extensively used in the pharmaceutical and food industry. Major applications involving 
microfiltration include sterile filtration, semiconductor and waste water treatment where 
as ultrafiltration processes are employed in electrocoat paint, juice extraction, pulp and 
paper, and protein purification [61]. 
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1.8.3 Non - Porous membranes 
Non-porous structure of the polymer is related to the non-continuous passage present in 
the polymer chain matrix. These passage are created and destroyed due to thermally 
induced motion of the chain [61] or by the irradiation of Swift Heavy Ion (SHI) [62]. 
Therefore, the transport of a penetrant is based on its movement through these passage. 
The effects of penetrant activity (driving force) and operating conditions then play an 
important role in governing the gas transport rate and separation property of the 
membrane. Gas permeation process is the technical process because of its diverse 
applications. The gas transport is based on gas dissolution in a membrane, followed by 
diffusion of the gas through the thickness of the membrane, under the fluence of the 
natural driving force. The relative sorption and diffusion rates of gases then lead to 
separation of the gas mixture. The production of high purity industrial gases like oxygen, 
nitrogen and hydrogen are some of the important applications of this process. Thus, with 
wide range of possible applications, the research is focused on the study of gas transport 
through dense, irradiated and track etched polymeric membranes. A general review on 
the transport models used for describing the gas transport through membranes is 
presented in the following section. 
1.8.4 Gas transport models 
Various gas transport models are presented in literature explaining the observed transport 
behavior through porous and non-porous membranes. Out of them three important 
models are discussed here. These models are based on the size exclusion in case of 
porous membrane, solution-diffusion process in case of dense or non- porous membranes 
and capillary flow model for the track etched membranes. The transport of two different 
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size molecules through membrane by (a) Viscous flow (b) Knudsen flow and (c) 
Solution-diffusion is shown in Figure 1.9 respectively. 
1.8.5 Gas transport through porous membrane (Kundsen Flow Model) 
The movement of gases through porous structures is fairly well understood. The flow of 
gas molecules through membranes is a function of the pore size and mean firee path of gas 
molecules. The Kundsen number K, is defined as [63]. 
K = A,/D (1.4) 
Where, X is the mean free path of gas molecules and defined as the average distance 
traversed between the successive collisions and D, is the mean pore diameter. In a ca.se 
where X is small in comparison to the D, the Knudsen number K is small and flow is 
inversely proportional to the viscosity of the gas. Such kind of flow is known as tlie 
viscous flow. The Knudsen flow takes place where the pore size of the membrane is 
smaller than the mean free path of the molecules. In this case the Knudsen number K is 
large. The diffusion rate of the molecule is then related to the inverse square root of its 
molar mass [59, 60]. The separation of gases can not be much efficient. 
1.8.6 Gas transport through non-porous membrane (Solution-Diffusion 
Model) 
The transport of gases through non-porous membrane can be described by the solution 
diffusion model and solution-diffusion-imperfection model [61]. The solution-diffusion-
imperfection model includes some modifications in the solution-diffusion 
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Figure 1.9: Illustration of the membrane transport of two differently sized molucules 
by various mechanism. 
(a) viscous flow through large pores (no separation) 
(b) Knudsenflow (separation based on difference in molecular weight) 
(c) molecular sieving (separation due to relative and surface sorption on pore walls) 
(d) solution-diffusion through a dense membrane (separation based on relative 
solubility and diffusivity) 
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model. The solution diffusion model describes the transport of gases through a dense 
membrane by three successive processes [64]: 
(i) The sorption of gas in the membrane at higher pressure side, 
(ii) The diffusion through the membrane due to an applied concentration gradient 
(iii) The desorption of the gas at lower pressure side. 
Both the sorption / desorption and diffusion processes are dependent on the 
characteristics of the membrane material and the gases, while sorption models are based 
on the thermodynamics of the penetrant-membrane interaction. The diffusion is primarily 
modelled with Pick's law of diffusion [65]. In general, convective mass transfer through 
membrane is assumed to be absent for single component mass transfer. However, for 
multicomponent mass transfer, the connective terms have been theoretically shown to 
contribute to the mass transfer of the penetrant [66]. The analogy of gas transport through 
membrane with electrical circuits is expressed in terms of resistance (diffusion) and 
capacitance (sorption capacity) of the circuit (membrane) for a given applied potential 
difference (penetrant concentration gradient). 
1.8.7 Preferential sorption capillary flov^  model 
Another model, the preferential sorption capillary flow model is based on gas transport 
through micro-pores present in a dense membrane. The transport phenomenon is then 
described in terms of surface diffusion of gas molecules along the pore walls. The 
separation of gases is then achieved due to preferential adsorption of penetrant at the 
surface and its surface diffusivity. The basic equations are similar to the solution 
diffusion model, except that film theory is used to model the boimdary layer for penetrant 
concentration at the pore surface [67, 68]. 
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1.8.8 Theory of gas permeation 
Thomas Graham observed the first study on gas permeation through polymer in In 1829. 
in 1866, he formulated the solution-diffusion process and postulated that the permeation 
process involved the dissolution of penetrant, followed by transmission of the dissolved 
species through the membrane [61]. 
Pick in 1985 proposed the law of mass diffusion and the penetrant flux, J was 
represented by 
J = - D d C / d x (1.5) 
Where D is the diffusion coefficient, (dC/dx), is the concentration gradient applied across 
the membrane, and C is the concentration of the dissolved gas given as the amount of gas 
per cubic centimeter. The dissolution of gas is based on Henry's law of solubility; which 
states that the concentration of the gas in the membrane is directly proportional to the 
applied gas pressure. 
C = S*p (1.6) 
Wroblewski showed that under steady state conditions, the diffusion and solubility 
coefficient to be independent of concentration, the gas permeation flux defined as 
quantity of permeant per unit area per unit time could be expressed as [61,69]. 
J = D S A p / l (1.7) 
Since, P = D * S so, 
J = P A p / l (1.8) 
P = J l / A p (1.9) 
Where, (A p = Pf - Pj) and (A p /1) is the applied pressure gradient across the membrane 
thickness 1, P is defined as the gas permeability of the membrane. The diffusion 
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coefficient describes the kinetics of the transport phenomena and the gas solubiHty is 
governed by the thermodynamic interaction between the penetrant and the membrane 
material. The integral formulation of the permeation process takes into account both the 
polymer-penetrant dynamics (Kinetic factor) as well as the polymer-penetrant 
interactions (thermodynamic factor). The value of P depends on various parameters i, e. 
the type of polymer, the density, crystallinity and temperature. Permeability p is mainly 
dominated by the diffusion coefficient since variations in D is greater than those in S [70, 
71]. The transport of any penetrant through polymeric membrane is described by the free 
volume molecular theory given by Apel et al. [72]. Transport of gas molecules depends 
upon number of parameters like: available free volume in the polymeric matrix the 
segmental mobility, rigidity of the polymer chains, size and shape of the molecule, as 
well as energy of the molecules to overcome attractive forces between chains. The 
thermal fluctuations in the polymer matrix also leads to an emergence of excess spaces 
which then permits the passage of gas molecules. The lower the density of polymer, the 
higher is the free volume, as a result higher is the permeability. The crystallinity and 
cross-linking is found to decrease the permeability as reported by Koros et al. [73,74]. 
The permselectivity for a couple of gases is given by the ratio of their permeability and 
can be expressed as [75, 76]. 
aAB = PA/PB (2.0) 
where PA and PB are the permeabilities of two gases respectively. The Permeability 
decreases as the size of the penetrant increases. In rubbery polymers, the size of the 
molecule is not very critical parameter, so they are not used for gas separation [77]. 
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Figure 2.0: Schematic representation of gas transport through membrane. 
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The transport of gas through the membrane due to the pressure gradient is schematically 
shown in Figure 2.0. The amorphous thermoplastic or glassy polymeric membranes are 
used for selective membrane. 
1.9 Track study 
The track technique is based on the principle that the passage of a charged particle 
through an electrical insulator knocks out the orbital electrons of the atoms lying in and 
around its trajectory. This results in the formation of positive ions, which repel one 
another thereby creating a narrow cylindrical zone (3-10 nm in diameter) under high 
strain. The charged particles penetrating the organic polymer break the long molecular 
chains by ionization and excitation. Latent tracks or narrow paths of intense damage on 
an atomic scale are created which can be developed and fixed into optically observable 
permanent tracks by chemical etching. The quantities used to determine various 
parameter are: 
(a) Bulk etch-rate (VG) 
VQ is defined as the rate at which the xmdamaged portion of the detector is dissolved by 
the etchant under a given etching condition. The bulk etch-rate is calculated from the rate 
of decrease of thickness of the detector with etching time. It is given by 
VG==(Xi-Xf)/2t (2.1) 
Where, Xj is the initial thickness of the detector and Xf is the final thickness after etching 
time t. 
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(b) Track etch-rate (VT) 
Track etch-rate is defined as the rate of increase of track length with etching time. 
Assuming that over a small portion of the track, Vj remains constant, the track etch-rate 
can be determined by measuring the small increase in track length AL (|im) in a short 
interval of etching time At (hours) from the equation: 
VT = AL / At (^ im / h) (2.2) 
1.9.1 Track etching 
The etching process is very interesting for track physics as well as for application in the 
various fields where fihers. Solid State Nuclear Track Detectors (SSNTD's) find 
applications. The method for studying ion tracks in polymers is to enlarge them by 
suitable chemical etching. The chemical etching is a destructive method and the chemical 
modification along the track is used to dissolve the damaged material. NaOH , KOH [75], 
NaOCl [79] and KMn04 [79], H2SO4 [80] are commonly used as etchants. 
1.9.2 Basis of track etching 
Different polymeric materials record the passage of charged particle in different manners. 
This is displayed in the remarkable varieties of etching responses that exist. The 
geometry of track etching can be explained on the basis of the two distinct but 
simultaneous etching processes; (i) chemical dissolution along the particle track at a 
linear rate Vj, known as track etch rate and (ii) etching of undamaged material and on the 
interior surface of the etched track at a lesser rate VB, known as bulk etch rate. The 
specific track etch rate VT, depends on the amount of etchable damage surrounding the 
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particle trajectory [79]. Trautmann has observed a sudden increase of electric current 
across the membrane when the etched cones on the either side of the polymer membrane 
[81]. The creation of a cone by this etching process is shown in Figure 2.1. The cone has 
original track as its axis. The following assumption are made to explain the etching 
process: 
1. The track etch rate Vj is constant along the track only. 
2. The bulk etch rate VB is constant and isotropic 
3. The ratio of bulk etch rate over track etch rate VB / Vj is constant is 
approximately true for short etching distances. 
For the simplest case of normal incidence, the surface material is removed at the same 
time that the etched track is developing. The track and bulk etch rates determine the 
geometry of the etched pits. In general the bulk etch rate remains constant for a given 
material and for a given etchant applied under a specific set of etching conditions such as 
concentration and temperature [78]. In addition the track etching rate depends on the 
density damage in the track and hence on the energy and on the energy loss of the track 
forming ion. The observed track diameter D and the track length 1, are the result of 
competition between the effect of track and bulk etches rate. The cone angle determines 
the depth of etched track, both the D an 1, is being less, as the cone angle 9 (= arcsine (VB 
/ VT) increases, since the track etch rate is larger than bulk etch rate. This geometry gives 
the measurable quantities in terms of etching parameters. 
l = (VT-VB)t (2.3) 
D = 2 Vet [(VT - VB) / (VT + VB)] '^ (2.4) 
Both 1 and D vanishes for VT = VB 
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1.9.3 Etching efficiency 
The efficiency of etching depends upon the type of polymer or chemical structure of the 
polymer as well as on the amount of the damaged material along the track. The tracks 
which are inclined at less than the cone angle 0 to a surface, are not etched. For nonzero 0 
etching efficiency x], is to be considered where r| is defined as the fraction of tracks 
intersecting a given surface that are etched on the surface under specific etching 
conditions. The geometrical requirements for revealing the tracks that are present in the 
material can be understood by etching efficiency. The registration efficiency is defined as 
the fraction of particles passing through a surface that produces radiation damage tracks 
as continuous damage with Vj > VB. The tracks inclined at angle less than 0, are not 
revealed by etching. The angle 0 determines the depth of etched track and the track and 
bulk etch rates. In a case where the component normal to the etched surface of 
preferential etching along the track (Vj Sin (p) is less than VB, no track is revealed since 
the space between original surface and etched surface removed. The material is removed 
so rapidly that the preferential etching fails to keep ahead the process. The critical 
condition is obtained where 0 = 9 and therefore, the etched track just fails to be 
developed as shown in Figure 2.2. Once etching begins, it persists to the end of the track 
range. The variation in Vj may lead to change the shape of the track. The track remains 
pointed untile very close to its end on fiirther increasing the etching time then it rounds 
out. 
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Chapter II 
Experimental Techniques 
2.1 Introduction 
This chapter deals with brief description of the equipment with their relevant 
details and specification used in the experiments carried out and various techniques for 
the offline measurements employed in this thesis. The present work gives the description 
about the following: 
[1 ] The materials: the polymers used and their chemical structure. 
[2] Irradiation of polymers using Universal Linear Accelerator (UNILAC) at GSI, 
Darmstadt, Germany. 
[3] Irradiation of polymers using 15 MV Pelletron Accelerator at Nuclear Science 
Center (NSC), New Delhi, India. 
[4] Positron source and Source correction 
[5] Positron Aimihilation Lifetime Measurement Technique 
[6] Gas Permeability Measurement Method 
[7] Fourier Transform Infra-Red (FTIR) Spectroscopy. 
[8] X-Ray Diffraction study (XRD). 
2.2 The materials 
The materials used in tlie present study are 
(i) Makrofol-KG 
(ii) Makrofol-KL 
(iii) Makrofol-N 
(iv) CR-39 
(v) CR-39 (DOP) 
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(vi) Polystyrene 
(vii) Polyamide Nylon-6 
All these are commonly used for Positron Annihilation Lifetime (PAL) measurements. 
2.2. (i, ii & iii) Makrofol -KG, KL, N polycarbonate 
Makrofol polycarbonates manufactured by a casting process into the form of thin sheets 
by Bayer AG of Leverkussen, West Germany have same composition (C16H14 O3) as 
Lexan polycarbonate manufactured by General Electric Co. of U.S.A. Polycarbonate 
(PC) or specifically polycarbonate of bisphenol A, is an amorphous polymer with 
attractive engineering properties, including high impact strength, low moisture 
absorption, good dimensional stability and high light transmission. Polycarbonate gets its 
name from the carbonate groups in its backbone chain. However these polycarbonates 
have different type of benaviour than Lexan polycarbonate. Different types of Makrofol 
polycarbonates such as Makrofol-KG, KL, E and N etc. are produced by different 
manufacturing processes and are expected to behave in differently [1]. Out of these 
Makrofol-KL contains a slight amount of a colour dye while Makrofol-N is a trade name 
of yellow polycarbonate. 
Makrofol polycarbonate plastics (much useful as heavy ion as well as fission track 
detectors) were originally used as insulators in electrical devices. Makrofol-E and N are 
sensitive to particles having Z > 2 and Z > 8 respectively [2]. Makrofol-KG, KL and N 
are not sensitive to a-particles and other lighter charged particles. The shape of tracks 
produced by heavy ions and fission fragments are needle like with a slight spread towards 
its tail. 
The structural formula of polycarbonate (PC) is: 
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During the last decade thin sheets of polycarbonates have been used to produce micro 
filters and single pore membranes for their remarkable applications in the field of 
environmental science [3], bio-medical science [4] and superfluidity [5]. Makrofol 
polycarbonates also offer a very convenient way for the detection of heavy ions in the 
study of composition of cosmic rays, heavy ion nuclear reactions and exploration of super 
heavy elements etc. due to these being insensitive to light charged particles, X-rays and y-
rays [6-7]. 
2.2. (iv) CR-39 polycarbonate 
Cartwright et al. [8] were the first to introduce CR-39 polyallyldiglycol carbonate as 
particle track detectors. CR stands for Columbia Resin. These detectors are found to have 
some unique properties determined by the chemical and physical structure of CR-39 
polycarbonate. CR-39 is a polymer consisting of short polyallyl chains joined by links 
containing carbonate and diethylene glycol groups into a dense three dimensional 
network. At the branching point of this network two links consist of polyallyl chains and 
one consists of diethylene glycol bis allyl carbonate [9]. The molecular structure of CR-
39 polycarbonate (C12 HisO?) is: 
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The formation of network during polymerization is a special case of percolation process 
and can be modeled by a Monte Carlo simulation. The model predicts inhomogeneities in 
cross-linking density which could explain some anomalous etching behavior of the 
detector. Polymerization of CR-39 is a transformation from the unsaturated tetra 
functional monomers to the saturated polymer. The process of the fonnation of a three-
dimensional network forms various closed zones which contain unused monomer 
molecules and characterize the residual unsaturation left in the polymer material. The 
structural inhomogeneities which are responsible for the non-uniformity and non-
reproducibility of etching response of CR-39 polymer, is due to isolation of random 
trapping of unused monomers. To overcome these problems, curing, a process to ensure 
uniform polymerization, is required. Due to exothermic nature of the polymerization of 
CR-39 (turner et al, 19810, specifically controlled temperature time cycles which were 
derived assuming a constant rate of polymerization [10], are employed during 
polymerization. Fowler et al. [11] introduced controlled 'time-temperature' curing cycles 
for the fabrication of CR-39 detectors. Before the polymerization is complete, the system 
enters a glassy state. The residual mobility in glassy state and presence of chemically 
reactive groups are responsible for physio-chemical aging of the polymer and the changes 
in the performance of CR-39 with time. 
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2.2. (v) CR-39 (DOP) polycarbonate 
CR-39, a homopolymer and high-grade optical plastic has been widely used as ion track 
detector due to its intrinsic property of ion track detection. The optical and etching 
properties of CR-39 can be improved by adding 0.2 % dioctyl phthalate (DOP) to the CR-
39 monomer (diHigOv and sp.gr. 1.32 gml*'). The molecular structure of CR-39 (DOP) 
polycarbonate (C12H18O7) is the same as that of CR-39. 
It is a modified product of CR-39 manufactured by Pershore Molding (U.K.). The 
sensitivity of CR-39 might be affected by factors such as the purity of the monomer, the 
initiator concentration and the temperature during the polymerization [11-13]. The 
addition of small amounts of certain chemical additives to CR-39 will affect changes in 
its sensitivity, response and surface etching properties, although the mechanisms 
underlying these changes have not been well understood. The optical and etching 
properties of CR-39 can be improved by incorporating additives such as dioctyl phthatate 
(DOP) in the polymer [14]. A heavy phthalic acid ester such as DOP acts as a plasticizer 
and that CR-39 with DOP has good etching properties. A plasticizer increases the free 
volume of a polymer, producing the polymer chains more mobile. A good plasticizer 
needs to be soluble in the monomer/polymer and should have sufficiently low molecular 
weight to increase the free volume without being low enough to diffuse out of the plastic 
[14]. Some plasticizers have been used to decrease or completely eliminate the 
coaquesness of the post-etched surfaces. Several phthalate esters commonly used in 
polymer technology as plasticizers have been tested in CR-39 plastic [13]. There could be 
either a decrease or increase in the sensitivity of CR-39 (DOP) compared with that of 
CR-39 (no additives) depending upon the concentration of additives [15]. It was also 
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reported by Tarle et al [16] that a heavy plastic acid ester such as DBP or DOP acts as a 
plasticizer making a more homogeneous polymer and that CR-39 doped with DOP has 
better etching properties than CR-39. The reduced sensitivity for CR-39 doped with DOP 
may be due to the presence of aromatic rings in DOP. Aromatic rings act as an electron 
sink and hence will tend to decrease the sensitivity of the polymer to charged particles. 
After doping, a remarkable improvement in etching homogeneity and optical 
transparency of the post etch surface of detectors were observed even zifter using long 
etching periods. CR-39 polymer exhibits surface opaqueness after prolonged etching in 
hot aqueous solution. CR-39 (DOP) polymer is free from this limiting property of CR-39. 
2.2. (vi) Polyamide Nylon-6 
Polyamide Nylon-6 polymer was obtained fi-om Goodfellow, Cambricge Limited, 
England. Nylon-6 is one of the high performance plastics. Polyamides are used 
extensively as high performance plastic materials because of their unique combination of 
superior mechanical, electrical, chemical and thermal properties. The molecular structure 
of polyamide Nylon-6 polymer is: 
^ O H _ 
—C-(CH2)-N-
2.2. (vii) Polystyrene 
Polystyrene sheets were obtained from Goodfellow, Cambricge Limited, England. 
Polystyrene is a polymer of having wide industrial applications. Its radiation chemistry 
has been extensively studied. It is the most radiation resistant of the polymers and hence 
occupies a unique position in the study of radiation effects. The molecular structure of 
polystyrene is: 
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2.3 Heavy Ion Linear Accelerator (UNILAC) 
UNILAC at GSI, Darmstadt Germany is a high frequency linear accelerator with 
ion energy going upto 20 MeV / n. An RF Linac has the capability of very high beam 
currents. The linear cascading of multiple accelerator sections lends itself to the use of 
multiple stripping along the beam pass. The intensity loss due to stripping is not so 
pronounced, as several neighbouring charge states can be accelaerated to the same 
energy. The ion source of an RF linac is easily accessible and placed at a high voltage 
potential of few hundred kV. The drawback of the RF linac is that if it is designed for a 
particular minimum n / A value, it can not deliver higher energies for larger n / A values. 
An isotopically pure beam can be selected and injected in to the beam line. 
To increase the energy of the ions, the beam from the UNILAC is injected into a 
Synchrotron accelerator. A Synchrotron needs a very high intensity beam burst to fill the 
ring. Then it slowly accelerates the beam by recirculating it through a modest RF 
accelerating voltage during the rise of the magnetic field. After this cycle, the beam is 
extracted from the ring into a new high-energy experimental area. The field of ring 
magnets is then decreased to the injection level and the cycle starts again with the next 
filling burst of the UNILAC beam. Synchrotron is capable of increasing the energy upto 
GeV / n. Figure 2.1 presents the nuclear track irradiation facility of UNILAC, GSI, 
Darmstadt [17]. 
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Figure 2.1 : Schematic diagram of nuclear track irradiation facility. The ion beam is 
homogeneously dispersed onto the sample, which is inserted using a 
sample inlet system. The accumulated dose is monitored via a 
particle detector [17]. 
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2.4 Pelletron Accelerator 
15 UD Pelletron accelerator at N.S.C. [18] belongs to a class of particle 
accelerator known as Van de Graff electrostatic accelerator. It is capable of accelerating 
any ion from proton to uranium (except the inert gases) in the energy range from a few 
tens of MeV to a few hundred MeV, depending on the ion species. The accelerator is 
installed in a vertical geometry in a stainless steel tank which is 26.5 meter heigh and 5.5 
meter in diameter. In the middle of the tank there is a high voltage terminal which can 
hold potential from 4 to 16 MV. The terminal is connected to the tank vertically with 
ceramic-titanium accelerating tubes. The tank is filled with a high dielectric constant SFe 
gas at 6-7 atmospheric pressure to insulate the high voltage terminal from the tank wall. 
A potential gradient is maintained through the accelerating tubes from the ground 
potential, and from the terminal to the ground potential, at the bottom of the tank. A 
Schematic diagram of N.S.C. Pelletron accelerator is shown in Figure [2.2.1]. In this 
machine, negative ions are produced and are re-accelerated to 400 KeV, mass analyzed 
and are then injected in to strong electrical field inside the accelerator. At the center of 
the accelerator tank there is a terminal shell which is maintained at high voltage (upto 15 
million volts). The negative ions on traveling through the accelerating tube from the top 
of the tank travds to the positive terminal and get accelerated. On reaching the terminal, 
they pass through a stripper that strips the ions of their electrons, thus transforming them 
to positive ions. These positive ions are repelled from the terminal (due to positive 
potential) and thus are again accelerated to ground potential to the bottom of the 
accelerator, i.e. the same terminal potential is used twice to accelerate the ions. After exit 
from the accelerator, the ion beam corresponding to a particular energy is selected and 
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bent by an analyzing magnet. Negative ions injected into the accelerator column are 
accelerated to the terminal and gain energy V MeV, where V is the terminal potential. 
The terminal has a foil stripper assembly (thin carbon foil) as well as a gas stripper 
(nitrogen gas at low pressure). As the ions pass through the stripper, they strips off some 
of the electrons to become positive ions. Depending on the foil thickness (or gas 
pressure), the incident energy and type of the ions, the charge state distribution of the 
emerging positive ions will vary. The most probable charge state and other charge states 
after stripping can be calculated by semi-empirical formula. These ions are further 
accelerated while traveling to high energy end of the accelerator and gain energy equal to 
qV, where q is the charge state. As a result the ions emerging out of the accelerator [19] 
column gain energy given by 
Ei = [Einj + ( l + q ) V ] M e V (2.1) 
Where, Ej the energy of the ion having a charge state q after stripping. V is the 
terminal potential in MV (million volts) and Einj is the energy of injected particle in MeV. 
The ion beam emerging from the accelerator is focussed at the object point of the 
analyzing magnet by means of magnetic quadrupole triplet lens placed at the accelerator 
exit. The Pelletron ion beam is generally composed of several components, each with 
different charge state and energy. However, for the experimental purpose [20] precise 
monoenergetic ions are required. So the Pelletron high energy beam line following the 
main accelerating tuble includes an energy dispersive, homogeneous dipole magnet, 
which can be so set that all unwanted ion beam components are filtered out leaving only 
the selected component for onward trarismission to the beam lines. 
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Figure 2.2.1: A schematic diagram ofNSCPelletron accelerator. 
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For an ion beam having mass M, energy E, and charge state q, the analyzing field 
required for selection of such a beam is governed by the relation. 
B = K (ME)'^ / q (2.2) 
Where, K is constant. Setting different magnet field strength (B), one can choose 
different M, E and q of the ions. The entire beam transport system of the 15 UD Pelletron 
accelerator is maintained under a clean ultra high vacuum condition i.e. at pressure below 
1x10"^ torr. This is achieved by the use of different types of vacuum pumps distributed 
all along the beam line from the ion source to the irradiation chamber. The ion beam of a 
desired energy (E) and mass (M) is transported into any one of the seven beam lines of 
the beam hall by means of a switching magnet. Seven beam lines are show in Figure 
[2.2.2]. The beam is kept centered and focused by means of steering magnet. The beam is 
visually monitored by beam profile monitors and the beam current is measured by means 
of Faraday cups [18]. 
2.4. (a) Low fluence irradiation setup at N. S. C 
The General Purpose Scattering Chamber (GPSC), which was used for our work, is low 
fluence irradiation set up. The two important requirements for the study of the 
modifications in the gas separation properties of polymeric membranes by SHI and their 
characterization by positron annihilation technique are (i) large sample area exposure and 
(ii) ion dose in the range of 10^  ions/cm^ to lO' ions/cm^ to avoid overlapping of ion 
tracks. Usually, the irradiation for material science studies is carried out in the material 
science beam line. In this beam line, the low dose irradiation of the order of 10* ions/cm^ 
of the sample by direct beam requires to maintain by the machine [21]. Secondly, the area 
of the sample exposed in the direct beam is limited to 1.5 cm x 1.5 cm. 
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Therefore, for large and low flux irradiation General Purpose Scattering Chamber 
(GPSC) was used. In GPSC the initial beam is incident upon a thin gold foil target. This 
foil distributes the beam in large solid angular cone due to Rutherford scattering. The 
GPSC (1.5 m diameter and 0.6 m height) is installed along the 15 ° beam line. Its total 
volume of 1100 liters requires 2-3 hours to achieve a vacuum of 5 x 10"^  torr vacuum. In 
GPSC two arms are provided, from the center of the bottom plate, which can be rotated 
along the axis perpendicular to the plane of bottom plate. The arm angle can be read to an 
accuracy of ± 0.05 ". GPSC is shown in Photograph [2.1]. The low flux set-up is installed 
on a 10" exit port at 20 °. The 4" diameter target cross is coimected to the chamber, 
eccentric to the main flange towards the beam by 4.55 °. The target is at an angle of 
15.45° to the beam axis [22]. The low flux irradiation set-up of GPSC is schematically 
shown in the Figure [2.3]. In this set-up large area (95 mm diameter) samples were 
exposed to the fluence of 2 x 10^  - 8 x 10^  ions/cm^. In this set up large area exposure is 
possible but the doses of the order of 10 -10 ions/cm take too much time and the flux 
non-uniformity for an irradiation area of 1 cm is around 6 % [21]. The number of the 
scattered ions depends on the angle of scattering as well on other parameters. The 
irradiation in terms of variation of the number of scattered ions with angle of scattering 
(N a Cosec'* (p/2) is shown in Figure [2.4]. It is obvious that reading the angle of 
scattering can reduce the exposure time for higher doses. But as we go to smaller angles 
the dose non-uniformity also increases. A target of 60 mm diameter placed at a distance 
of 600 mm from the gold foil scatterer subtends an angle of ~ 6 °. Thus for a circular 
target whose center is at 9 " from the direct beam, the ion rates at the diametrically 
opposite points are in ratio of 15:1 (Cosec'* 3° / Cosec"* 6°). 
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Photograph 2.1 : General Purpose Scattering Chamber installed at 15" beam 
line at Nuclear Science Centre, New Delhi. 
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This non-uniformity in the ion doses can be reduced considerably by rotating the target 
around the axis passing through the center and perpendicular to the plane of the target. 
The rotation of the target integrates the number of ions over a circle. As the center of the 
target does not move, there will be non-uniformity in dose between center and ends. The 
estimates show that this non-imiformity reduces to the ratio of 3:2. The scheme was used 
for the irradiation of polymeric sheets to the fluence of order of 10^  - lO' ions /cm .^ A 
250 nm / cm^ thick gold foil was used as a scatterer. The target samples were put at 60 
cm from the scatterer. For rotating the samples, two samples, two sample mounts were 
fabricated. A 12 voh D.C. motor was used for rotating three fly wheels of diameter 5 cm, 
coupled to each other by belt-pulley system. The distance between the centers of 
flywheels was kept 6 cm. The samples of diameter 5 cm were mounted on the flywheels. 
Two such sample mounts were put on the two arms of GPSC chamber on the either side 
of the beam. The near ends of the samples, on the either side of the beam, were at 6°, 12°, 
and 1S*' respectively. A surface barrier detector was moimted at 24° on one of the arms to 
measure the actual ion rate. This is shown schematically in Figure 2.5 and in Photograph 
2.2. Thus the ion dose of the order 10*, lO', 10** ions/cm^ was achieved at 6°, 12° and 18° 
respectively in two hours. "^Fhe obvious advantage of this set-up is that any ion dose 
between 10 ions/cm to 10 ions/cm can be achieved in a reasonable time and non-
uniformity reduces to acceptable limit. 
2.4. (b) High fluence irradiation set-up at N.S.C. 
This high vacuimi chamber (38 cm diameter) has a facility for temperature controlled 
(liquid cooled) multiple sample holders having provision for linear movement of 120 mm 
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Figure 2.3 : GPSC with low flux irradiation set-up (all ports on the chamber 
are not shown). 
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and a rotation of 360°. A vacuum of 10"' mbar is maintained by using a diffusion 
pumping system filled with a LN2 trap. A remote controlled target holder can be 
positioned perpendicular to the beam line for irradiation. Various samples can be 
irradiated in an experiment using bellow scaled linear movement of the holder by 140 
mm. Material science beam line is used for ion fluence up to 10 ions/cm . For 
irradiation we have to see whether beam is falling at the desired place on the quartz or 
not, then we allow the beam to fall on the irradiated samples. The rectangular ladder used 
to fix up seven samples contains four faces and its position can be changed by auto 
control switches. ACCTV camera was also attached to one of the ports of chamber for 
viewing the sample position. 
2.5 The Positron Sources 
More than 200 positron-emitting nuclides are known, of which about a dozen can 
be used as sources in positron annihilation experiments [23]. A large majority of 
investigations on solids by positrons has been done with ^^ Na or ^^ Co positron sources, 
mainly because of their low production costs and relatively convenient half-lives. Table 
2.1 lists many of the relevant properties for the conmionly used isotopes [24]. 
The relevant properties of a positron emitting nuclide are: (a) Positron yield (b) End 
point energy (c) Half life (d) Ease of production 
The importance of the positron yield is trivial. The end point energy is important in two 
respects, the first being the positron penetration in the sample 'X' (eq. 2.3) 
X = 1 / ^Mn I (0) /1 (x) (2.3) 
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Table 2.1 Commonly used positron-emitting isotopes 
Isotope 
^^ Na 
«^Co 
44^j 
'"^ Cu 
^"Ge 
^'Ni 
^ ^ b 
"Co 
Half-life 
2.6 Y 
71 d 
47 Y 
12.7 h 
257 d 
36 h 
14.6 h 
18.2 h 
P'^ -decay (in %) 
90 
15 
94 
19 
88 
46 
53 
77 
Maximum 
energy or end 
point energy 
0.54 
0.47 
1.47 
0.66 
1.90 
0.85 
1.50 
1.50 
Application in 
lifetime studies 
Yes 
Yes 
Yes 
No 
No 
Yes 
No 
Yes 
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Photograph 2.2 : A photograph showing sample mounts at ^, 12", 1^ and 
Surface Barrier Detector at 24 from the beam axis put on the 
arms ofGPSC. Gold scatterer put on target ladder and 
15.45 port are also seen in the picture. 
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Figure 2.5 : Large area and low flux ion irradiation scheme. 
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where X is the penetration distance in the sample, ji"^  is the absorption coefficient, I (0) is 
the initial positron density I (x) is the positron density at x after a beam of positron of 
initial density I (0) traversed a thickness x of a given sample (and the second the 
percentage of positrons annihilating in the source). One can thus expect by virtue of the 
end-point energies that the most energetic positron can penetrate the sample to a depth of 
about 1 mm, although some positrons will stop or return to and aimihilate at or near the 
surface of the sample. 
Half-life of the nuclide should be large enough to be able to perform a series of 
measurements with the same source. However there is no need for a half-life larger than a 
few years. The energy of the start gamma should be significantly higher than that of the 
annihilation gamma rays to make the recognition easy and to prevent spectrum 
distortions. Table 2.1 shows the end point energy, half-life and positrons per decay for 
several isotopes. For lifetime or Doppler measurements, the simplest way to guide the 
positrons into the samples, is to use a sandwich configuration as shown in Figure 2.6.1. 
The source should be very thin so that only a small fraction of the positrons 
annihilate in the source. Radioactive material can be deposited directly on the samples or 
separation foil can be used to allow the use of the source repeatedly. The source can also 
consist of a single radioactive metal foil. In our experiment we used the radioactive 
isotope ^^Na. The decay scheme of ^^ Na is shown in Figure 2.6.2. ^^Na decays through 
positron emission and by electron capture to the first excited state (at 1274 KeV) of ^^Ne. 
This excited state goes to the ground state by the emission of a 1274-KeV gamma ray 
with a half-life x\a of 3 x 10"*^  s. Thus positron emission is almost simultaneous with the 
emission of 1274 KeV gamma ray while the positron aimihilation is accompanied by two 
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Figure 2.6.1 : Sandwich configuration 
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511-KeV gamma rays. The measurements of the time interval between the emission of 
1274 KeV gamma ray and 511-KeV gamma rays can yield the lifetime 'T' of positron 
annihilation. 
2.5. (a) Source Corrections 
The amount of positrons annihilating in the source (10-15 %) is related to the geometry 
of the sandwich configuration, the thickness and density of the foil included, and of the 
specific sample for which the measurements are made. The samples enter into the 
consideration because the positron may reflect at the sample source interface. These 
annihilations contribute additional lifetime components to the lifetime spectnmi. In order 
to obtain suitable values of lifetimes and their intensities in samples to be studied it is 
important to make correction for these components as precisely as possible. The 
correction should be measured using defect free reference samples. Bertolaccini and 
Zappa [25] have given an empirical formula for the foil intensity as: 
I foil (%) = 0.324 X Z°-'^  X D^ ''^'^"•'" (2.4) 
Where Z is the sample atomic number and D is the foil thickness in mg / cm^. At high 
Z values (> 40) this formula overestimates the foil intensities. 
2.6 Positron lifetime measurement 
Positron annihilation lifetime spectrometer at the Inter University Consortium for 
Department of Atomic Energy Facilities (lUC-DAEF), Kolkata Centre with a time 
resolution of ~ 280 ps was used for measurements. This set-up is shown in the 
Photograph 2.3. The positrons for the lifetime measurements were obtained from the 
radioactive decay of Na isotope which is the most commonly used source of positrons. 
99 99 
Na decay to the excited state of Ne by emission of positron and a neutrino. 
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^^Na -^ ^^Ne + e^ + Y (2.5) 
The ground state is reached after 3.7 ps by emission of a y-ray of 1.27 MeV. Competitive 
processes with lower probabilities are electron capture (EC) and direct transition to the 
ground state of Ne [26]. Na isotope gives a relatively high positron yield of 90 % and 
has several other advantages. The appearance of 1.27 MeV y quantum almost 
simultaneously with the positron, the easiness of its handling for laboratory work, 
comparatively large half-life (2.6 years) and low cost make this isotope the most useful 
source material in positron research [27]. The positron lifetime was registered as a time 
difference between the emission of the 1.27 MeV y-quantum and one of the 0.51 MeV 
annihilation y-quanta. 
The source was prepared by evaporating 5 i^Ci of aqueous ^^NaCl salt on a thin (~ 
8 |im) rhodium foil. The source foil was thin in order to reduce the background of 0.51 
MeV annihilation photon. The positron source was sandwiched between the two identical 
samples of the material, the thickness of which must be sufficient enough (> 100 nm) to 
absorb all the photons [28]. In the present study the samples were in the form of tllms of 
different thickness. Therefore, the source was sandwiched between the two identical 
stacks of layers of sample films to make the thickness of the stack ~ 400 nm. PAL 
spectra were obtained using fast-fast coincidence system. The fast BaFa scintillators in 
truncated conical geometry coupled to Phillips XP 2020 photo multipliers were used. The 
conical shape of the scintillators improves the light collection process [29]. ORTEC 583 
Constant Fraction Differential Discriminators (CFDD) were used for selecting energy and 
providing timing signal independent of the rise time and amplitude of the anode signal 
from the PM tubes to Time to Amplitude Converter (TAC) (Ortec 567). 
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Photograph 2.3 : Positron lifetime measurement set up at lUC-DAEF, Kolkata Centre. 
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The windows of the CFDDs in start and stop arms were adjusted for 1.27 MeV start and 
0.511 MeV stop signals respectively. Detection of the 1.27 MeV ganuna photon provides 
the start signal for a TAG. The stop signal is generated on detection of one of the 0.511 
MeV annihilation gamma photons. If legitimate gamma-gamma coincidences are 
observed, a pulse whose amplitude is proportional to the time interval between start and 
stop signals, is sent from the TAG to a MuUi-Ghannel Analyzer (MGA) where it is stored 
in the appropriate time channel. The block diagram of the positron lifetime spectrometer 
is shown in Figure 2.7.1. The uncertainty in the measurement of lifetime was estimated 
by observing the distribution of time interval when Na source is replaced by Go, 
which emits two y-rays almost simultaneously. 
The full width of this prompt distribution at half maximum was ~ 280 ps. The prompt 
curve is shown in Figure 2.7.2. 
2.7 Gas permeability measurement 
The schematic diagram of the system used for the measurement of permeability is 
shown in Photograph 2.4 and Figure 2.8. It consists of a permeation cell and a flow 
meter. The permeation cell was fabricated out of brass ingot of the diameter of 2 ' ' '^  
inches. It has two parts, an upper part and lower part as shown in the Figure. The 
Polymeric membrane was placed between these parts. The porous discs of cardboard 
were used to support the membrane. In the upper part of the cell, experimental gas at high 
pressure was fed through a regulator. The gas pressure in the upper part was monitored 
by a pressure gauge. Another needle valve was provided for the purging of the air. 
The cell was sealed by an 0-ring and closed by tightening six screws in diagonal. 
Permeation cell was tested for leaks for a period of 24 hours. 
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Figure 2.7.2 : Typical positron lifetime spectrum of polycarbonate. The prompt curve 
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Since the cell and the tubings used were of brass, adsorption of gas to the walls was 
assumed as negligible. A 38 mm diameter membrane with porous support was placed in 
the cell. The air was purged out 4-5 times with the experimental gas to avoid impurity. 
The permeate side of the diffusion cell was connected to a glass capillary of 2 mm 
diameter. The volume of the gas permeated through the membrane can be estimated by 
the volume of the air displaced In the lower part of the cell. The displacement of Hg slug 
of ~ 3 mm height was monitored. 
The flux was obtained by the formula 
Volume of the air displaced 
Flux = 
time X membrane area exposed to high pressure 
crossection of capillary x displacement of Hg slug 
time X membrane area exposed to high pressure 
The membrane area exposed to high-pressure gas was 5.06 cm . The permeability 
coefficient P was calculated using the formula 
flux (J) X thickness of film (1) 
P = 
Pressure difference (Ap) 
Several readings were taken till a constant flow rate was obtained. 
,T,V 
,rf-
78 
L 
Photograph 2.4 : Gas permeability measurement set up. 
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Figure 2.8 : Schematic diagram of permeation cell 
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2.8 Fourier Transform Infra-Red (FTIR) Spectroscopy 
Infra red spectroscopy is one of the most powerful analytical technique which 
offers the possibility of chemical identification. It involves the twisting, bending, rotating 
and vibrational motions of atoms in a molecule. Upon interaction with the IR radiation, 
some portion of the incident radiation is absorbed at particular wavelengths. The 
multiplicity of vibration occurring simultaneously produces a highly complex absorption 
spectrum which is uniquely characteristic of the functional groups comprising the 
molecule and of the overall configuration of the atoms as well. 
For IR absorption to occur, two major conditions must be filled. 
• The energy of radiation must coincide with the energy difference between the 
excited and the ground state of the molecule. The radiant energy will then be 
absorbed by the molecule, increasing its natural vibration. 
• The vibration must entail a change in the electrical dipole moment. 
The infra-red spectra of a compound is essentially the superposition of 
absorption bands of specific functional groups. No two compounds will have 
same infra-red spectra (except optical isomers). Thus, infra-red spectra is regarded 
as the fingerprint of a molecule. The higher firequency portion of the infra red 
spectra (4000-1300cm'') is called the functional group region which shows the 
absorption arising from stretching vibrations and are useful for identification of 
the functional groups. The absorption pattern in the region 1400-650 cm "' is 
unique for a particular compound and hence called the fingerprint region. Both 
the stretching and bending modes of vibration give rise to absorption in this 
region. 
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2.9 X-Ray Diffraction study (XRD) 
X-rays can be used for chemical analysis in three different ways: 
• The first method uses the fact that the X-rays emitted by an excited element have 
a wavelength characteristic of that element and the intensity proportional to the 
number of excited atoms. The excitation can be used by direct bombardment of 
the target material with electrons (direct emission analysis and electron probe 
microanalysis) or by irradiation of the material with X-rays of shorter wavelength 
(fluorescent analysis). 
• The second method utilizes the differing absorption of X-rays by different 
materials (absorption analysis). 
• The third method involves the diffraction of X-rays by crystals having 
geometrically periodic arrangement of atoms separated by distance comparable to 
X-ray wavelengths (diffraction analysis). This method is widely used for 
qualitative identification of crystalline phases. The condition for diffraction of a 
beam of X-rays from a crystal is governed by the well known Bragg equation: 
2dsine = nk (2.6) 
where, d is the interplanar spacing, X, is the wavelength of X-rays used and 9 is the 
angle of incidence of the X-rays. 
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Chapter III 
Positron lifetime studies of PC (Makrofol-KG, KL, N), 
CR-39, CR-39 (DOP), polystyrene and 
polyamide nylon-6 polymers 
3.1 Introduction 
Positron Annihilation Lifetime Spectroscopy (PALS) has emerged as a unique 
and potent probe for characterizing the free volume properties of polymers [1]. In PAL 
spectra it is the o-Ps lifetime, which is very sensitive to structural changes in the polymer 
and directly correlated to the free volume hole size [2]. PALS is a probe that gives 
considerable information about the microstructure of materials. It has recently been used 
on polymers with interesting results [3-5]. In polymers samples there is generally 
substantial pick off armihilation with lifetimes of the order of 1000-2000 ps. This is 
suggested due to large voids in the polymer structure. The energy transfer due to ion 
irradiation tends to radical formation, bonds scission and cross-linking of polymer chains. 
The dominance of scission or cross-linking depends essentially on the polymer and linear 
energy transfer (LET). Lee (1999) has observed that for low LET, spurs (an energy loss 
event in a track involving a small energy deposit) develop for apart and independently, 
the deposited energy leads to be confined in one chain (not in neighboring chain) leading 
to scission [6]. Fink (1999) and Trautmarm (1999) have indicated that scission cause an 
increase in the free volume whereas the cross linking reduces the available free volume. 
At high LET spurs overlap, the probability of two radical pairs to be in neighboring 
chains is increased and cross-linking facilitated [7,8]. 
The ion-induced modification of the polymeric material is attempted in a variety 
of ways. The ion energies jfrom few hundred KeV to few hundred MeV have been used. 
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From the lightest ions like H ,^ He"^  to heavy ions like Au"^  and U"^  have been employed for 
the modification of polymeric material. Most of the ion beam experiments are related to 
the implanation modification of polymers. These are mostly focused on the study of 
conductivity changes resulting from ion implantation [9]. The ion implantation has also 
been used to improve tlie surface, optical and gas permeation properties of polymers. The 
ion induced property changes and the potential areas of its application are discussed in 
detail by Lee [10]. 
The Swift Heavy Ions (SHI), cause irreversible structural and chemical changes in 
the material when they pass through the material. The mechanism of the energy transfer 
by SHI and the formation of latent tracks in polymeric material have been discussed in 
the chapter 1. The high-energy ions form latent tracks as their energy is transferred to the 
material atoms. The ion path in a polymeric material is described by a cylindrical 
trajectory defined by the physical core of radius rg (the approximate limiting distance 
from the particle trajectory at which electronic excitation occurs initially) and halo or 
penumbra with radius rp (outer most cylindrical boundary of 6-rays or secondary 
electrons) [11]. Another radius which lies between physical core and penumbra is called 
chemical radius, rch- It defines a range where chemical reaction occurs. The rch is thus 
defer mined by the diffusion and reaction rates of active chemical species such as 
radicals, cations, anions, electrons and other activated chemical species. Shapes and sizes 
of track entities are first defined and then followed by the formation of active chemical 
species, diffusion and their interaction via chemical and coulombic forces. Some 
chemical species recombine and neutralize in a dense chemical sea, some diffuse out to 
the halo region and mix up with the species induced by the 5-rays. Most of the chemical 
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reactions, cross-linking and scission take place near re where concentration of radicals 
and ion pairs is high due to slow migration of radicals. The values of TC and rp depends on 
the energy per nucleon of the ion 8-rays, pneumbra, rp, and physical core are re are 
pictorially represented in Figure 3.1. Physical and chemical effects such as electronic 
excitations, phonons, ionizations, ionization, ion pair formation, radical formation and 
chain scission occurs when the polymeric material is irradiated with ions. Ion induced 
chemical reactions in the macromolecular films give rise to gas evaluation and chemical 
changes in solid residue. Various gaseous molecular species may be released during 
irradiation. The most prominent emission is hydrogen, followed by less abimdant heavier 
molecular species which are scission products from the pendant side group and chain-end 
segments and their reaction products. Gaseous molecules released from the irradiated 
polymers give an indication of the effects induced by SHI irradiation and has been 
studied extensively. Picq et al studied the chemical nature and the yield of outgassing 
molecules by infrared spectroscopy and mass spectroscopy [12,13]. They observed that 
the molecular emission is extremely sensitive to the electronic stopping power 
(dE/dX)eieetronic- At low (dE/dX)eiectronic, gas yield are strongly polymer dependent and at 
high (dE/dX)eieetronic thesc are less specific of a given polymer. The evolved gases were 
also used to estimate the track diameter which shows two zones of varying damages 
within the ion track [14]. 
The characterization of the structural changes in polycarbonate (PC), Makrofol-
KG, Makrofol-KL, Makrofol-N, CR-39, CR-39 (DOP) and Polystyrene and Polyamide 
Nylon-6 polymers caused by the beam of energetic C^ "^  ion of the 70 MeV, Si*^  ion of the 
100 MeV, *°Ai ion of the (14.9 MeV/n) and " 'AU ion of the (13.5 MeV/n), 
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Physical core: a range of uncertainty in initial energy deposit 
Penumbra or halo: a radial range of 6-rays 
i. 
S- rays 
Figure 2.1: Pictorial representation of ion track showing physical 
core re halo rp and 5-rays. [6] 
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characterization by the Positron Annihilation Lifetime Spectroscopy (PALS), are 
presented in this chapter. 
3.2 Experimental details 
Polycarbonates (PC), Makrofol-KG, Makrofol-KL, Makrofol-N, CR-39, CR-39 
(DOP), Polystyrene and Polyamide Nylon-6 polymers were procured from Bayer A.G. 
Germany, Pershore Moulding limited, England and Goodfellow Cambrige, England. SHI 
irradiations of the polymeric samples were carried out at Nuclear Science Centre 
(N.S.C.), New Delhi, India and Universal Linear Accelerator, UNILAC (Heavy Ion 
Accelerator) at GSl (Gesellschaft fur Schwerionenforschung) Darmstadt, West Germany. 
3.3 Irradiation 
3.3.1 At Nuclear Science Centre (NSC), New Delhi 
In the present study, two ions of different mass and range and various types of polymers 
were used. Details of irradiated polymers with heavy ions of different energies are 
presented in table 4.1. In the first run the samples of polycarbonate (PC) Makrofol-(KG, 
KL & N) were exposed to 100 MeV Si"*^^ ion beam to the fluence of 10^  ions/cm .^ In the 
second run the samples of Makrofol- N were irradiated by 70 MeV, C'* ion beam to the 
fluence of 10 -^10* ions/cm^ in the General Purpose Scattering Chamber (GPSC) low flux 
setup. The samples of CR-39 (DOP), Polyamide Nylon-6 and Polystyrene, 1.5 x 1.5 cm^ 
were exposed to 70 MeV C^"*^  to the direct beam to the fluence of the order of 10'° to lO'^  
ions/cm^ as per the scheme described in chapter II. 
3.3.2 Target preparation and Irradiation at GSI, Darmstad Germany 
Details of irradiated polymer samples with heavy ions of different energies are presented 
in table 4.2. In the first run the samples of PC, Makrofol-KG, Makrofol-KL, Makrofol-N 
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and CR-39 were irradiated with the well coUimated and an isotopically pure beam of 
''"AT (14.9 MeV/n) to the fluence of 10^  ions/cm .^ In the second run the sample of CR-39 
were irradiated with the well coUimated and an isotopically pure beam of '^'AU (13.5 
MeV/n) to the fluence of 10 lons/cm . 
Several circular discs of diameter 5 cm were cut from thin sheets of Makrofol 
(KG, KL & N) and CR-39 polycarbonates. The stacks were prepared by gently pressing 
four to ten such discs together and were mounted on slide glass backing for irradiation 
(Figure 3.2). 
Irradiations were done with the will coUimated and an isotopically pure beam at 
nuclear track irradiation facility XO channel of UNILAC at GSI Darmstadt, West 
Germany. UNILAC is a high frequency linear accelerator capable of providing energy 
upto ~ 20 MeV per nucleon. 
The ion source produces highly charged heavy ions. An isotopically pure beam was 
selected and injected into the beam line at high D. C. potential. 
The stacks of Makrofol-KG, KL and N having different thickness (Makrofol-KG: 
40 i^m ; Makrofol-KL ; 40 u^n and Makrofol-N ; 50 nm were exposed to ''°Ar ions (14.9 
MeV / n) beam and a nimiber of CR-39 detector sheets of thickness ~ 250 jim and 1.5 
mm. were exposed to '*°Ar ions ( 14.9 MeV / n ) and ''^Au (13.5 MeV / n) beams 
respectively. The irradiation of the stacks were done at an incident angle of 45 ° to the 
detector surface at an optimum dose of 10^  ions / cm .^ 
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•^ i^S 2? 
no 
Figure 3.2: Foil holder for thin targets. Samples of 50mm in diameter and 
upto lOO^im in thickness are clamped into the baseplate of 
the foil holder using a locking ring. The dimensions 
marked on the drawing are in mm. 
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Table. 3.1 
Details of heavy ions and polymers used for irradiation at Nuclear Science Centre, 
New Delhi, in the present investigations. 
Name of the ion 
with symbol 
Silicon ^ "Si 
Carbon '^ C 
Carbon '^C 
Carbon '^C 
Carbon "C 
Energy MeV/n 
100 MeV 
70MeV 
70 MeV 
70 MeV 
70 MeV 
Name of the 
polymer with 
chemical 
composition 
Mkrofol-KG, 
KL,N 
(Bisphenol-A 
Polycarbonate) 
Mkrofol-N 
(Bisphenol-A 
Polycarbonate) 
Polyamide 
Nylon-6 
CR-39 (DOP) 
Polystyrene 
Name of the 
manufacturer 
Faibenfabri-ken 
Bayer A.G., 
Leverkusen 
Germany 
Farbenfabri-ken 
Bayer A.G., 
Leverkusen 
Germany 
Goodfellow 
Pershore 
Moulding 
limited, 
Trading Estate, 
Pershore 
England 
Goodfellow 
Thickness yun 
(Approx) 
50,40 
50 
250 
250 
1 mm. 
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Table. 3.2 
Details of heavy ions and polymers used for irradiation at G S I, Darmstadt, 
Germany in present investigations. 
Name of the 
ion with 
symbol 
Argon ''"Ar 
Argon ''"Ar 
Gold '"'Au 
Energy MeV 
/ n 
14.9 
14.9 
13.5 
Name of the the 
plastic (Polymer) 
with chemical 
composition 
CR-39 (Allyl 
diglycol 
carbonate) 
Makrofol-KG, 
KL, N Bisphenol-
A Polycarbonate) 
CR-39 (Allyl 
diglycol 
carbonate) 
Name of the 
manufacturer 
Pershore 
Mouldings 
limited, Trading 
Estate, Pershore, 
England 
Farbenfabri-ken 
Bayer A. G., 
Leverkusen, 
Germany 
Pershore 
Mouldings 
limited. Trading 
Estate, Pershore, 
England 
Thickness fim 
(Approx) 
250 
40,40, 50 
1.5 mm. 
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The ion beam is homogeneously dispersed on to the sample which is inserted using a 
sample inlet pneumatic system. The ion beam for the irradiation is focused to the desired 
cross section through a magnetic quadrupole lens. Only a fraction of the available cross 
section is actually used for irradiation of the sample by the beam aperture. Thus, only the 
flate central part of the approximate Gaussian beam profile is used for the irradiation of 
the sample surface. At low intensities, the beam profile is monitored by a sensitive 
fluorescent screen which is observed through an image intensifier / video camera system. 
The accumulated dose is monitored by a scattered particle detector. The ion beam can be 
switched off after the desired dose value is reached. 
3.4 Positron Annihilation Lifetime (PAL) measurements 
The Positron Annihilation Lifetime (PAL) measurements were carried out at Inter 
University Consortium for Department of Atomic Energy Facilities (lUC-DAEF), 
Kolkata. A specially designed 5 |xCi ^^ Na source deposited on a rhodium foil was 
sandwiched between the stacks of many layers of polymer films. The thickness of the 
stacks was adequate (~ 400 nm) to absorb more than 99 % of the positrons emitted. Fast 
Fast coincidence spectrometer which entails monitoring of signal (1.28 MeV) gamma ray 
from positron decay of the source as start time and 0.511 MeV gamma ray from the 
positron annihilation in the material sample under study as the end time, was used for 
recording the PAL spectra. BaF2 scintillators coupled to Phillips XP 2020 
photomultipliers were used in fast timing. The energy resolution is associated mainly 
with the slow component at 310 nm with decay constant of 620 ns and emitting about 80 
% of the total light. Apart from the advantage of the fast component BaF2 is attractive 
due to its high atomic number Ba(56) and relative high density of 4.88 g / cm^ which are 
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favorable properties for high photo peak detection efficiency for gamma rays. ORTEC 
Constant Fraction Differential Discriminators were used for selecting energy and 
providing time signals to Time to Amplitude converter. The time resolution (FWHM) of 
prompt spectra was 280 ps. 
3.4.1 Data Acquisition and analysis 
Same experimental conditions were kept for the recording of lifetime spectra of 
all the samples and ~ 100000 total counts were recorded for each sample. The count rate 
was ~ 8 /s. '^^ Co prompt spectrum at ^^ Na gate was recorded. The FWHM (time 
resolution) of this spectrum was ~ 0.280 ns. The stability of the spectrometer was ensured 
by measuring the width of the resolution function (FWHM) at the start and at the end of 
the experiment. The lifetime spectra of well annealed Aluminum and PI (Kapton) which 
have only one lifetime component, were recorded in the same experimental setting and 
with the same positron source as a reference spectrum. The good variance and only 
statistical scatter of the bulk lifetime of reference samples indicate the stability of the 
spectrometer [15]. It can, therefore, be assumed that the resolution function and the 
source components are common to all the spectra and mutual proportion of source 
component is expected to be identical in all the spectra. However, the total source 
contribution may differ due to different positron back-scattering coefficients. The lifetime 
parameters of source were estimated by assuming the positron lifetime in well-annealed 
Al and Kapton foil, x = 0.164 ns and T = 0.385 ns respectively and fixing them during the 
fitting procedure. The lifetime spectra of unirradiated and irradiated samples of PC, 
Makrofol-KG, N, CR-39, CR-39 (DOP), and Polyamide Nylon-6 are shown in Figures 
3.4, 3.5, 3.6, 3.7 and 3.8 respectively. 
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In the present study, the LT version 6.0 [16] and PATFIT program [17] were used for 
spectrum analyses. This program allows a positron spectrum to be analyzed in terms of 
discrete components, as well as in terms of a continuous sum of decay curves given with 
a log normal distribution. Furthermore, the program can carry out a mixed analysis, in the 
sense that some components can be constrained to be discrete whilst others may be 
treated as continuous. In mixed analysis the longest component is assumed to be 
continuous because of the fact that shorter components should not give large distributions 
owing to their origin, while the longest one should reflect the hole distribution. The 
discrete term analysis was also carried out with LT and PATFIT [16-17] which gave 
almost identical results. 
PAL spectra were analyzed by finite term lifetime analysis using PATFIT-88 [17] 
. It decomposes a PAL spectrum into 2-5 terms of negative exponentials. In polymers 3 
lifetime results give the best x (<LI) and most reasonable standard deviations [18]. o-Ps 
annihilation in the spherical free volume is described by simple quantum mechanical 
model of spherical potential well with an electron layer of thickness AR. The results of o-
Ps lifetime (13), the longest lifetime due to o-Ps annihilation were employed to obtain the 
mean free volume hole radius by the following semi-empirical equation [19, 2] 
'iTtR 
/I3 2 
R 1 e-
Ro 27V \ Ro 
where T3 and R (hole radius) are expressed in ns and A respectively. Ro equals R + AR 
where AR is the fitted empirical layer thickness (= 1.66 A). The micro-void volume (Vf) 
4 3 
IS given by — T: R . 
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Figure 3.4 : Positron lifetime spectra of unirradiated and irradiated Makrofol-KG 
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3.5 Results and discussions 
The lifetime parameters of the unirradiated and irradiated samples of PC 
(Makrofol-KG, KL, N), CR-39, CR-39 (DOP), Polystyrene and Polyamide Nylon-6 
polymers are presented in tables 3.3 to 4.4. The simple component X2, attributed to free 
annihilation of positrons lies between 0.378 - 0.505 for most of the polymeric samples 
irradiated to low and high fluences. This matches well with the value (0.3 to 0.5 ns) as 
reported in literature. The intensity of this component is around 20 - 25 % for most of the 
samples and shows marginal variation with increasing fluence. The lifetime 
corresponding to p-Ps is found to vary between 0.147 - 0.188 ns and the intensity shows 
only marginal changes. Discrepancies are often observed in the analyzed lifetime 
parameters in the three component analyses when the values are compared with 
theoretical values [3]. It is observed that the lowest lifetime TI, attributed to p-Ps 
annihilation is found to be rather larger compared with the expected value of xi = 0.125 
ns. In particular the lifetime component ratio Ii / I3 which should reflect the intensities of 
the p-Ps and o-Ps annihilation, can be much larger than the theoretical value of 1 / 3. It 
has been recently shown that these discrepancies observed in the conventional discrete 
term lifetime analysis can be attributed, at least in part, to the distribution of o-Ps 
lifetimes due to the hole size distribution [20-22]. In a recent study, Dlubek et al. [23] 
presented evidence that the discrepancies (xi> 0.125 ns and Ii /13 > 1 / 3) appearing in the 
lifetime spectrum analysis of polymers can be explained by assuming not only an o-Ps 
but also a free positron (e*) lifetime distribution, both of which may originate from free 
volume hole size and shape distributions occurring in amorphous polymers [22,24,25] 
and in organic liquids (bubbles) [26-28]. 
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o-Ps pick off annihilation in free volume is represented by the long-lived component T3, 
which is very sensitive to structural changes in the polymer. In PALS it is the lifetime 
which is directly correlated to the free volume hole size. The intensity of this component 
contains information about the free volume hole concentration [2]. The results for the 
pristine samples are of the same order as the reported values for some polymers. 
Tables 3.3 (a) to 4.4 (b) present the values of the free volume hole radius R and 
micro-void volume Vf, calculated from o-Ps lifetime T3 . o-Ps lifetime and, therefore, 
the free volume radius increases on irradiation with flux at low fluences. At high 
fluences, free volume hole radius decreases on irradiation. However, no significant 
change has been observed in o-Ps intensity. 
Results for the polymers in the present study indicate that o-Ps lifetime, and 
therefore, the free volume hole radius for various polymers increases with the fluence in 
the lower region (10^ to 10^  ions / cm )^. Its value decreases at higher fluences (lO"^  to 
lO '^' ions / cm^). The intensity of this component does not show any appreciable change. 
When a swift heavy ion is bombarded on the polymer, the ion energy is 
transferred to atoms in the polymer chain in a very short time and in a very small volume 
surroimding the ion track. The electronic energy loss profile for one of the polymer (CR-
39(DOP), polycarbonate), calculated using SRIM 2003 program. It shows that for C^ ^ ion 
irradiation (dE / dX)eiectronic is about 100 to 2000 times of (dE / dX)nuciear for 1 to 70 MeV 
ion energy. Therefore, the energy transfer or the energy loss by SHI is mainly electronic 
and the nuclear energy loss is almost negligible at the energies used in the present cases. 
The energy loss by SHI occurs discretely as spur (an energy loss event in ion 
track involving a small energy deposit) along the ion track instead of a continuous decay 
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Table 3.3. (a) 
40, Makrofol-KG irradiated with ^ "Ar (14.9 MeV/n) 
Lifetime and intensities of unirradiated and irradiated samples. 
Sample 
Unirradiated 
10^  ions/cm'^  
ti (ns) 
0.179 
± 
0.005 
0.185 
± 
0.005 
I, (%) 
78.102 
± 
2.760 
69.312 
± 
2.480 
12 (ns) 
0.497 
± 
0.014 
0.09 
± 
0.011 
l2(%) 
17.812 
± 
0.841 
25.923 
± 
0.904 
T3 (ns) 
2.020 
± 
0.011 
2.071 
± 
0.011 
l3(%) 
4.134 
± 
0.512 
4.823 
± 
0.523 
Table. 3.3 (b) 
The lifetime parameter of o-Ps and radius of free volume hole in Makrofol-KG 
Sample 
Unirradiated 
10^  ions/cm^ 
T3 (ns) 
2.020 
2.071 
h (%) 
4.134 
4.823 
R(A) 
2.874 
2.920 
Vf(A') 
99.371 
104.219 
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Table. 3.4 (a) 
Makrofol-KL irradiated with ''^ Ar (14.9 MeV/n) 
Lifetime and intensities of unirradiated and irradiated samples 
Sample 
Unirradiated 
10^  ions/cm'' 
Ti (ns) 
0.165 
± 
0.005 
0.175 
± 
0.007 
I, (%) 
93.612 
± 
4.105 
83.732 
± 
3.102 
T2(ns) 
0.501 
± 
0.014 
0.491 
± 
0.013 
h (%) 
4.124 
± 
0.451 
12.232 
± 
1.123 
T3 (ns) 
2.216 
± 
0.009 
2.270 
± 
0.009 
I3 (%) 
2.341 
± 
0.241 
4.141 
± 
0.410 
Table. 3.4 (b) 
The lifetime parameter of o-Ps and radius of free volume hole in Makrofol-KL 
Sample 
Unirradiated 
10^  ions/cm'^  
T3 (ns) 
2.216 
2.270 
I3 (%) 
2.341 
4.141 
R(A) 
3.051 
3.092 
Vf(A^) 
118.887 
123.742 
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Table 3.5 (a) 
Makrofol-N irradiated with ""AT (14.9 MeV/n) 
Lifetime and intensities of unirradiated and irradiated samples 
Sample 
Unirradiated 
10^  ions/cm'^  
Ti (ns) 
0.179 
± 
0.007 
0.182 
± 
0.009 
I, (%) 
75.912 
± 
2.531 
64.341 
± 
1.932 
T2 (ns) 
0.468 
± 
0.009 
0.439 
± 
0.009 
h (%) 
21.014 
± 
2.012 
30.943 
± 
2.521 
X3 (ns) 
1.870 
± 
0.001 
1.940 
± 
0.001 
l3 (%) 
3.143 
± 
0.310 
4.843 
± 
0.520 
Table. 3.5 (b) 
The lifetime parameter of o-Ps and radius of free volume hole in Makrofol-N 
Sample 
Unirradiated 
10^  ions/cm^ 
X3 (ns) 
1.870 
1.940 
I3 (%) 
3.143 
4.843 
R(A) 
2.734 
2.794 
Vf(A^) 
85.545 
91.300 
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Table. 3.6 (a) 
CR-39 irradiated with ' ' V (14.9 MeV/n) 
Lifetime and intensities of unirradiated and irradiated samples 
Sample 
Unirradiated 
10 ions/cm 
xi (ns) 
0.173 
± 
0.004 
0.167 
± 
0.003 
I, (%) 
70.812 
± 
2.390 
65.932 
± 
1.932 
X2 (ns) 
0.505 
± 
0.009 
0.452 
± 
0.009 
l2(%) 
25.103 
± 
2.012 
29.843 
2.521 
X3 (ns) 
1.381 
± 
0.010 
1.418 
± 
0.011 
l3 (%) 
4.135 
± 
0.040 
4.343 
± 
0.040 
Table. 3.6 (b) 
The lifetime parameter of o-Ps and radius of free volume hole in CR-39 
Sample 
Unirradiated 
10^  ions/cm'^  
X3 (ns) 
1.381 
1.418 
h (%) 
4.135 
4.343 
R(A) 
2.202 
2.247 
Vf(A^) 
44.701 
47.498 
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Table. 3.7 (a) 
CR-39 (Homolite) irradiated with '"^Ar (13.5 MeV/n) 
Lifetime and intensities of unirradiated and irradiated samples 
Sample 
Unirradiated 
10^  ions/cm^ 
Ti (ns) 
0.154 
± 
0.006 
0.169 
± 
0.006 
I, (%) 
26.235 
± 
1.689 
33.801 
± 
2.108 
X2(ns) 
0.378 
± 
0.006 
0.385 
± 
0.008 
l 2 (%) 
54.326 
± 
1.587 
47.693 
± 
2.006 
T3 (ns) 
1.867 
± 
0.010 
1.948 
± 
0.011 
I3 (%) 
19.439 
± 
0.168 
18.506 
± 
0.164 
Table. 3.7 (b) 
The lifetime parameter of o-Ps and radius of free volume hole in CR-39 (Homolite) 
Sample 
Unirradiated 
10^  ions/cm'^  
T3 (ns) 
1.867 
1.948 
I3 (%) 
19.439 
18.506 
R(A) 
2.731 
2.808 
Vf(A^) 
85.2.65 
92.682 
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Table. 3.8 (a) 
Makrofol-KG irradiated with *^Si (100 MeV) 
Lifetime and intensities of unirradiated and irradiated Makrofol-KG 
Sample 
Unirradiated 
10 ions/cm 
Ti (ns) 
0.159 
± 
0.005 
0.155 
± 
0.005 
I, (%) 
29.305 
± 
1.499 
30.072 
± 
1.357 
T2 (ns) 
0.399 
± 
0.007 
0.398 
± 
0.007 
l2(%) 
46.032 
± 
1.407 
45.301 
± 
1.227 
T3 (ns) 
2.149 
± 
0.009 
2.286 
± 
0.009 
I3 (%) 
24.663 
± 
0.157 
24.627 
± 
0.141 
Table. 3.8 (b) 
The lifetime parameter of o-Ps and radius of free volume hole in Makrofol-KG 
Sample 
Unirradiated 
10''ions/cm^ 
13 (ns) 
2.149 
2.286 
I3 (%) 
24.663 
24.627 
R(A) 
2.989 
3.105 
Vf(A^) 
111.783 
125.308 
no 
Table. 3.9 (a) 
Makrofol-KL irradiated with ^^ Si (100 MeV) 
Lifetime and intensities of unirradiated and irradiated samples 
Sample 
Unirradiated 
10 ions/cm 
xi (ns) 
0.164 
± 
0.005 
0.156 
± 
0.005 
Ii (%) 
31.969 
± 
1.483 
33.103 
± 
1.553 
T2 (ns) 
0.404 
± 
0.008 
0.400 
± 
0.008 
h{%) 
43.140 
± 
1.380 
41.192 
± 
1.465 
T3 (ns) 
2.257 
± 
0.012 
2.319 
± 
0.012 
I3 (%) 
24.890 
± 
0.164 
25.705 
± 
0.199 
Table. 3.9 (b) 
The lifetime parameter of o-Ps and radius of free volume hole in Makrofol-KL 
Sample 
Unirradiated 
10^  ions/cm^ 
T3 (ns) 
2.257 
2.319 
I3 (%) 
24.890 
25.705 
R(A) 
3.081 
3.133 
Vf(A^) 
122.478 
128.732 
Ill 
Table. 4.0 (a) 
Makrofol-N irradiated with "^Si (100 MeV) 
Lifetime and intensities of unirradiated and irradiated samples 
Sample 
Unirradiated 
10 ions/cm 
xi (ns) 
0.167 
± 
0.005 
0.164 
± 
0.005 
I, (%) 
29.524 
± 
1.395 
31.969 
± 
1.553 
X2 (ns) 
0.381 
± 
0.006 
0.404 
± 
0.007 
h(%) 
45.913 
± 
1.314 
43.140 
± 
1.465 
X3 (ns) 
2.205 
± 
0.009 
2.257 
± 
0.009 
I3 (%) 
24.563 
± 
0.142 
24.890 
± 
0.198 
Table. 4.0 (b) 
The lifetime paiameter of o-Ps and radius of free volume hole in Makrofol-N 
Sample 
Unirradiated 
10^  ions/cm^ 
T3 (ns) 
2.205 
2.257 
I3 (%) 
24.563 
24.890 
R(A) 
3.037 
3.081 
Vf(A^) 
117.254 
122.428 
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Table. 4.1 (a) 
Makrofol-KG irradiated with C^ ^ (70 MeV) 
Lifetime and intensities of unirradiated and irradiated samples 
Sample 
Unirradiated 
10 ions/cm 
10** ions/cm'' 
xi (ns) 
0.147 
± 
0.005 
0.157 
± 
0.005 
0.155 
± 
0.005 
Ii (%) 
29.524 
± 
1.395 
31.991 
± 
1.402 
31.969 
± 
1.553 
T2 (ns) 
0.381 
± 
0.006 
0.402 
± 
0.007 
0.396 
± 
0.007 
l2(%) 
45.913 
± 
1.314 
43.193 
± 
1.318 
43.919 
± 
1.465 
T3 (ns) 
2.205 
± 
0.009 
2.271 
± 
0.009 
2.273 
± 
0.009 
h(%) 
24.563 
± 
0.142 
24.816 
± 
0.145 
24.579 
± 
0.142 
Table. 4.1 (b) 
The lifetime parameter of o-Ps and radius of free volume hole in Makrofol-N 
Sample 
Unirradiated 
10 ions/cm 
10 ions/cm 
T3 (ns) 
2.205 
2.271 
2.273 
l3(%) 
24.563 
24.816 
24.579 
R(A) 
3.037 
3.093 
3.095 
Vf(A^) 
117.254 
123.863 
124.102 
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Table. 4.2 (a) 
CR-39 (DOP) irradiated with C^ ^ (70 MeV) 
Lifetime and intensities of unirradiated and irradiated samples 
Sample 
Unirradiated 
10" ions/cm^ 
10'^ ions/cm^ 
lO'"* ions/cm^ 
xi (ns) 
0.184 
± 
0.005 
0.151 
± 
0.005 
0.168 
± 
0.005 
0.173 
± 
0.007 
I, (%) 
37.762 
± 
2.024 
38.483 
± 
1.741 
34.498 
± 
1.765 
32.674 
± 
2.125 
T2 (ns) 
0.420 
± 
0.009 
0.377 
± 
0.007 
0.403 
± 
0.008 
0.406 
± 
0.008 
h (%) 
43.306 
± 
1.906 
45.723 
± 
1.637 
46.213 
± 
1.653 
48.944 
± 
2.005 
T3 (ns) 
1.987 
± 
0.011 
1.862 
± 
0.012 
1.929 
± 
0.011 
1.970 
± 
0.011 
I3 (%) 
19.074 
± 
0.184 
15.794 
± 
0.165 
19.290 
± 
0.178 
18.330 
± 
0.181 
Table. 4.2 (b) 
The lifetime parameter of o-Ps and radius of free volume hole in CR-39 (DOP) 
Sample 
Unirradiated 
10"ions/cm'' 
10'^ ions/cm^ 
10'^ ions/cm^ 
T3 (ns) 
1.987 
1.862 
1.929 
1.970 
I3 (%) 
19.074 
15.794 
19.290 
18.330 
R(A) 
2.843 
2.724 
2.790 
2.828 
Vf(A^) 
96.228 
84.607 
90.912 
94.675 
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Table. 4.3 (a) 
Polystyrene irradiated with C^ "^  (70 MeV) 
Lifetime and intensities of unirradiated and irradiated samples 
Sample 
Unirradiated 
10'" ions/cm^ 
10" ions/cm^ 
lO'''ions/cm^ 
10'^ ions/cm^ 
xi (ns) 
0.172 
± 
0.006 
0.157 
± 
0.005 
0.156 
± 
0.005 
0.151 
± 
0.006 
0.174 
± 
0.006 
Ii (%) 
33.618 
± 
1.945 
33.103 
± 
1.473 
32.379 
± 
1.515 
29.712 
± 
1.534 
31.781 
± 
2.018 
T2 (ns) 
0.399 
± 
0.009 
0.400 
± 
0.008 
0.391 
± 
0.006 
0.391 
± 
0.007 
0.403 
± 
0.008 
l2(%) 
42.546 
± 
1.850 
41.192 
± 
1.380 
42.465 
± 
1.426 
44.387 
± 
1.435 
46.243 
± 
1.917 
T3 (ns) 
2.326 
± 
0.013 
2.319 
± 
0.012 
2.304 
± 
0.012 
2.285 
± 
0.012 
2.228 
± 
0.013 
l3 (%) 
23.836 
± 
0.153 
25.705 
± 
0.154 
25.157 
± 
0.149 
25.901 
± 
0.154 
21.970 
± 
0.160 
Table. 4.3 (b) 
The lifetime parameter of o-Ps and radius of free volume hole in Polystyrene 
Sample 
Unirradiated 
10'" ions/cm^ 
10" ions/cm^ 
10'^ ions/cm^ 
10"* ions/cm^ 
T3 (ns) 
2.326 
2.319 
2.304 
2.285 
2.228 
l3(%) 
23.836 
25.705 
25.157 
25.901 
21.970 
R(A) 
3.138 
3.133 
3.120 
3.104 
3.056 
Vf(A^) 
129.347 
128.732 
• 127.133 
125.187 
119.468 
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Table. 4.4 (a) 
Polyamide Nylon-6 irradiated with C^ "^  (70 MeV) 
Lifetime and intensities of unirradiated and irradiated Polyamide Nylon-6 
Sample 
Unirradiated 
10" ions/cm^ 
10'^ ions/cm^ 
10'^ ions/cm'' 
Ti (ns) 
0.188 
± 
0.007 
0.0160 
± 
0.007 
0.156 
± 
0.007 
0.164 
± 
0.006 
Ii (%) 
37.766 
± 
2.265 
31.425 
± 
1.927 
31.904 
± 
1.791 
31.756 
± 
2.012 
T2 (ns) 
0.429 
± 
0.010 
0.391 
± 
0.008 
0.390 
± 
0.007 
0.384 
± 
0.008 
h (%) 
43.732 
± 
2.129 
49.265 
± 
1.809 
49.150 
± 
1.677 
48.830 
± 
1.896 
T3 (ns) 
1.949 
± 
0.012 
1.905 
± 
0.011 
1.918 
± 
0.011 
1.854 
± 
0.011 
I3 (%) 
18.502 
± 
0.202 
19.310 
± 
0.181 
18.946 
± 
0.176 
19.414 
± 
0.183 
Table. 4.4 (b) 
The lifetime parameter of o-Ps and radius of free volimie hole in Polyamide Nylon-6 
Sample 
Unirradiated 
10" ions/cm^ 
10'^ ions/cm^ 
10'^ ions/cm'^  
T3 (ns) 
1.949 
1.905 
1.918 
1.854 
I3 (%) 
18.502 
19.310 
18.946 
19.414 
R(A) 
2.808 
2.767 
2.780 
2.718 
Vf(A') 
92.682 
88.680 
89.936 
84.051 
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in energy. The spur energy lies within 100 eV with an average value of 30-40 eV for 
polymers [29] which is approximately equal to the average energy required to produce 
one ion or radical pair. This energy transfer leads to radical formation, bond scission and 
cross-linking of polymer chains. The dominance of scission or cross-linking depends 
essentially on the polymer and the energy loss per unit path length or linear energy 
transfer (LET). In case of high LET, spurs overlap, the probability of two radical pairs to 
be in neighboring chains is increased and cross-linking is facilitated. For low LET, spurs 
develop far apart and independently, the deposited energy tends to be confined in one 
chain (not in neighboring chain), leading to scission [6]. The scission causes an increase 
in the free volume whereas the cross-linking reduces the available free volume [7,8]. The 
area occupied by the tracks (diameter of the order of 1-10 nm) in the samples exposed to 
low fluence (10 -^10* ions / cm )^ is of the order of 10"^  cm .^ At high fluence the track area 
becomes comparable to the sample area and the overlapping of tracks takes place. At low 
fluences, the average molecular chain length decreases due to scission, which eventually 
increases the free volume. At high fluences, however, scissioned segments cross-link 
randomly, increasing the nimiber of free volume holes and decreasing the average free 
volume. This is schematically shown in the Figure 3.3 [30], Also at the low dose the halo 
(diameter of the order of 100-1000 nm), which surrounds the tracks (diameter of the 
order of 1-10 nm) plays an important role. The halo is created by 5 electrons which have 
a broad spectrum of kinetic energy and trigger considerable ionization on their own. 
(a) Prist ina 
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(b) Lowjluence 
X 
(c) High fluence 
Figure 3.3 : Schematic representation of micro structural evolution upon irradiation [30] 
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3.6 Conclusion 
The average free volume in the PC (Makrofol-KG, KL «& N) CR-39 is found to 
increase with ion fluence in low fluence (10 -^10^ ions/cm^) regime. It decreases at the 
higher fluence of 10'°-10'^ ions/cm^ for CR-39 (DOP), Polyamide Nylon-6 and 
Polystyrene. The increase in the average free volume indicates the chain scission along 
the traks. With the increase in the ion fluence, scissioned segments cross link randomly 
decreasing the average free volume, because of the overlapping of tracks. 
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Chapter IV 
Gas permeation study of a, Si and Ar ion irradiated 
Makrofol-KG, N polycarbonate 
4.1 Introduction 
Over the last three decades, membrane based gas separation processes have 
proved their potential as better alternatives to traditional separation processes [1]. The 
conventional processes are energy intensive, as well as responsible for some 
environmental pollution. The membrane based separation processes are not only cost 
effective and environmentally friendly but also many novel materials are available which 
offer much more versatility and simplicity in commercialized system designs. Polymeric 
membranes have technological importance due to their extensive use in limitless 
applications, i.e. sensors, contact lenses, protective coating, controlled release devices, 
food packing and beverage industry etc. Polymeric membranes are also important for 
industrial production of high purity gases. The desired properties for the selection of 
polymeric material for making gas separation membrane are high permeability, high 
selectivity and high thermal and mechanical stability. In general the polymers, which 
have high permeability, exhibit low selectivity and vice versa [3]. It has, therefore, 
attracted attention of the research community to develop membranes which have good 
permeability and selectivity as well. 
The membranes made of glassy polymers e.g. polyimides, polycarbonates 
(Makrofol-KG, KL, N) and polysulphone are commonly used for gas separation work as 
they are inherently more size and shape selective than rubbery polymers. The glassy 
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polymers offer enhanced "mobility selectivity" as compared to rubbery polymers because 
of more restricted segmental motions in these polymers [2,4]. 
Gas separation properties of the polymeric material are strongly correlated with 
the microstructure of the material. The free volume hole concentration and their size 
distribution have strong effect on permeation properties. Gas separation characteristics of 
the membranes can be improved by two possible ways: (a) by chemically modifying the 
microstructure during synthesis and (b) by physically modifying it e.g. by swift heavy ion 
irradiation. 
Myler et al [5] attempted the modification of polymeric membranes for gas 
separation has been attempted by ion implantation in polyimide membranes. Xu et al.[6] 
have reported that for the small fluence irradiation, the permeability of the polyimide 
membranes increases and after high fluence irradiation, the implanted layers become 
stopping layers and the permselectivity of the membrane increases hugely. Poly(ethylene 
terephthalate)(PET) membrane was used to study the effect of heavy ion irradiation on 
gas permeability and selectivity by Takahashi et al [7]. They reported that the gas 
permeability coefficients of the membranes which were irradiated with some specific 
heavy ions, increased remarkably without a significant change in the polymer structure 
by ion irradiation. The change in the permeation behavior was attributed to the formation 
of pores by heavy ion irradiation. 
Gas separation characteristics can be improved by modifying it by heavy ion 
irradiation and thus ion irradiation has become an integral part in the modification of 
surface layers (a few ^m or less) of polymers [8-10]. Modification depends on target 
parameters (e.g., composition, molecular weight, and temperature) and on ion beam 
parameters (energy, mass and ion charge). Chain scission, chain aggregation, double-
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bond formation and molecular emissions occur at low ion dosages [9]. At high ion 
dosages an enrichment of carbon generally occurs, leading to more or less complete 
carbonization (even to the formation of graphite). Final sample composition may have 
little memory of the original chain structure [11]. 
The surface carbonization by ion beam has been performed by Won et al.[12] to 
adapt the carbon molecular sieve properties on the skin of the polymeric membranes 
without the deformation of membrane structure. They found that the ideal separation 
factor of CO2 over N2 through the surface-modified polyimide and polysulfone 
membranes increased threefold compared to those of the untreated, pristine membranes, 
whereas the permeability decreased by almost two orders of magnitude. This appears to 
be due to the fact that the structure of membrane skin has been changed to a barrier layer. 
The objective of the present study was (a) to understand the gas permeation through 
dense/irradiated as well as through track etched polymeric membranes for different gases 
and (b) to study the effect of dose of heavy ion on the gas permeation rate. Controlled 
etching is an important method for modifying the latent ion tracks in polymers. Well-
defined tracks can be obtained for specific application of the membranes [13] under 
controlled etching conditions. The size of etched tracks may vary from nanometers to 
micron range, which may be characterized by different techniques. Recently latent tracks 
of heavy ions in semicrystalline polymers have been observed by Transmission Electron 
Microscopy (TEM) [14]. The profiles of the etched pits can be characterized by Atomic 
Force Microscopy (AFM). However, in some cases the depth of penetrating tracks across 
the membranes can not be probed by AFM or TEM. The penetrating tracks have also 
been characterized by the conductivity method [15]. However when the penetrating 
tracks have an opening. Smaller than 10 nm, characterization becomes difficult and the 
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gas permeation method could be used. PALS also provides a good estimation of the traclc 
size before etching. 
In the present study, the possibility of controlling gas permeation properties of 
polycarbonate membranes by Swift Heavy Ion (SHI) irradiation is demonstrated. 
4.2 Experimental details 
Following irradiation were done for the study of gas permeation properties. 
1. 10 |am and 20 p,m Makrofol-KG films with 5.3 MeV a-particles from ^"'Am 
sourceatthefluenceof2.1xl0 ions/cm. 
2. 40 \xm Makrofol-KG film with "^ Ar (14.9 MeV/n) at the fluence of 10^  ions/cm^ 
at GSI, Darmstadt, Germany. 
3. 40 i^m and 50 t^m Makrofol-N with Si** (100 MeV) at the fluence of 10^  ions/cm^ 
from Nuclear Science Centre, New Delhi, India. 
Irradiated polymeric membranes were etched in 6N, NaOH at a temperature of (60 ± 1) 
°C in a constant temperature water bath. The etching time was increased in step of one 
minute after each permeability measurement. The permeability of H2 and CO2 gases 
through membrane was calculated by the formula [16]. 
P = (J X1) / A p 
Where J is the flux that penetrates through the membrane of thickness 1 and A p is the 
pressure difference across the membrane. The flux was estimated by the flow rate meter 
connected to the permeability cell. The details of permeability cell fabricated for these 
measurements are given in chapter II and irradiation details are given in chapter III. 
A 38 mm diameter membrane with porous support was placed in the cell. The air was 
purged out 4-5 times with the experimental gas to avoid impurity. The permeate side of 
the diffusion cell is cormected to a glass capillary of 2 mm diameter. The membrane area 
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exposed to high-pressure gas was 5.06 cm .^ The displacement of Hg slug of ~ 3 mm 
height is monitored. The volume of the gas permeated through membrane was estimated 
by the volume of the air displaced in the lower part of the cell. Several readings were 
taken till a constant flow rate is obtained. 
4.3 Results and discussion 
Effect of SHI irradiation in polymeric membranes is the creation of nuclear tracks 
of permanent nature. The damaged region is characterized by polymeric chain scission 
which causes an increase in free volume in to the track. Gas permeation is one of the 
methods used for characterization. SHI irradiation and subsequent etching are used to 
develop the polymeric membrane filter. Such filters are applied for the liquid, ion and gas 
separation, depending upon the size of the penetrant as well as pore size of the 
membrane. In the present work the chemically and physically modified polymeric 
membrane are characterized by hydrogen and carbon dioxide gas permeation for different 
polymeric samples. The permeability measurements were made at room temperature and 
at a pressiire of 30 psi (2 atm.). In the given conditions permeability is independent of the 
pressure and temperature. 
The effect of tracks can be observed in gas permeation in all kind of polymeric 
materials. Makrofol-KG (lOpun, 20 ^m, 40 i^m) and Makrofol-N (50 i^m) polycarbonates 
exhibits the increase in permeability after irradiation as shown in tables 4.1 to 4.5.The 
permeability has been measured in barrer [1 barrer = 10"'° {cm^ (STP) / cm.s.cm-Hg}]. 
The permeability increases systematically with etching time and large enhancement has 
been observed at a particular etching time. The time at which the permeability rapidly 
increased can be defined as critical etching time. It depends on irradiation parameters like 
size, mass, energy, charge and dose of ion irradiating it. 
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The permeability is independent of thickness for unirradiated membranes. But the critical 
etching time is thickness dependent. In a-irradiated and track etched polycarbonate 
membrane, the critical etching time is found to be 2 minutes for 10 u^n membrane and 3 
minutes for 20 i^m thick membrane. In a transmitted track, the etching takes place from 
both sides of the membrane and the tracks in the form of cones develops from both the 
sides. Above observation is indicative of critical etching where the conical etched tracks 
from both sides of membranes are just meeting and opening the tracks through and 
through. 
To study the effect of molecular size dependence of the permeability, measurements for 
H2 and CO2 gases have been carried out in the same conditions of the temperature and 
pressure. The results are shown in Figure 4.1. The permeability generally decreases as 
permeate size increases It also depends on thickness of the membrane and molecular size 
of the gas that we use. The CO2 molecules are larger in size than H2 molecules, thus less 
flow rate and correspondingly lower permeability was observed. The permeability of both 
the gases H2 and CO2 increases with increasing etching time. Unirradiated membrane 
does not show any change in permeability with etching time. The permselectivity of a 
polymeric membrane for one gas over the other is given by the ratio of their 
permeabilities: 
ttAB = P A / P B 
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Table. 4.1 
Permeability data for Makrofol-KG (10 |j.m) sample, irradiated with 5.3 MeV a- particles 
from '^"Am source 
S.No. 
1. 
2. 
3. 
4. 
Sample 
Unirradiated 
2.1 X 10' ions/cm'^  (unetched) 
after 1 min. etching 
after 2 min. etching 
H2 
8.32 
13,86 
7.70 
2773 
Permeability (P) 
CO2 
6.05 
6.05 
7.01 
2033 
Table. 4.2 
Permeability data for Makrofol-KG (20 pm) sample, irradiated with 5.3 MeV 
241 
a- particles from Am source 
S.No. 
1. 
2. 
3. 
4. 
5. 
Sample 
Unirradiated 
2.1 X 10' ions/cm^(unetched) 
after 1 min. etching 
after 2 min. etching 
after 3 min. etching 
Permeability (P) 
H2 
10.66 
14.34 
11.55 
8.01 
4160 
CO2 
8.47 
10.03 
7.70 
6.51 
1848 
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Table. 4.3 
Permeability data for Makrofol-KG (40 urn) sample, irradiated 
40 
with *"Ar (14.9 MeV/n)ions 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
Sample 
Unirradiated 
10^ ions/cm^ (unetched) 
after 1 min. etching 
after 2 min. etching 
after 4 min. etching 
after 9 min. etching 
after 10 min. etching 
Permeability (P) 
H2 
8.02 
12.05 
7.92 
11.09 
8.86 
3328 
4754 
CO2 
6.69 
5.53 
7.06 
6.64 
7.23 
2392 
2542 
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Table. 4.4 
+8 Permeability data for Makrofol-KG (40 ^m) sample, irradiated with Si (100 MeV) ions 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
Sample 
Unirradiated 
10* ions/cm'^  (unetched) 
after 1 min. etching 
after 2 min. etching 
after 3 min. etching 
after 4 min. etching 
after 5 min. etching 
Permeability (P) 
H2 
8.02 
23.11 
21.33 
9.59 
3328 
4754 
6656 
CO2 
6.69 
16.14 
15.40 
7.64 
1271 
2259 
5810 
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Table. 4.5 
+8 Permeability data for Makrofol-KG (50 ^ im) sample, irradiated with Si (100 MeV) ions 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
Sample 
Unirradiated 
10 ions/cm (unetched) 
after 1 min. etching 
after 2 min. etching 
after 4 min. etching 
after 6 min. etching 
after 8 min. etching 
after 10 min. etching 
Permeability (P) 
H2 
13.34 
26.67 
31.47 
30.12 
43.33 
53.33 
1483 
5199 
CO2 
8.25 
16.41 
21.66 
24.74 
27.65 
28.48 
841 
2860 
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Figure 4.1: Graph of permeability versus etching time 
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The permselectivity also increases with etching time and was found to reach maximum at 
the critical etching stage as shown in Figure 4.2. At this time, the membrane allows to 
pass a larger amount of H2 than of CO2. Further, with increasing etching time, the 
permeability for both gases increases, but the permselectivity (P (H2) / P (CO2)) 
decreases. At this stage the membrane can be used as a selective membrane. At a certain 
etching time the track was fully etched and pore in the membrane was created. At this 
time, the gas passes through the pore rapidly and consequently a large enhancement in 
permeability was observed. On etching further (after the critical etching), the 
permeability of both gases increases due to increase in pore size such that the molecules 
of both the gases pass through the pore and consequently the selectivity decreases. 
4.4 Conclusion 
Ion irradiation and subsequent etching modify the permeability of polymeric membranes. 
Polycarbonate is a very suitable polymeric material for developing the track-etched 
membranes. Swift heavy ion irradiation increases permeability of H2 and CO2 in 
polycarbonate membranes because of the formation of latent tracks. By etching, the 
permeability and permselectivity for H2 over CO2 increase. After critical etching time the 
permeability increases after critical etching, but the permselectivity decreases. These type 
of membranes can be applied for hydrogen gas separation. SHI induced tracks have faster 
etching rate then the a-induced tracks and thus these membranes can be applied for 
hydrogen gas filtration. 
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Chapter V 
Ion beam modification of CR-39 (DOP) & Polyamide 
Nylon-6 polymers 
5.1 Introduction 
The modification of polymers using ion beam irradiation is now well established. 
The availability of heavy ion beams from the accelerators has brought new impetus to the 
field of ion beam modification as dramatic modifications in polymeric materials have 
been observed [1-5] as a result of irradiation of polymers with swift heavy ions. This 
causes bond cleavages; the formed free radicals are expected to come to rest and may 
react in a molecular site of a different type from their original site [6]. These radicals are 
responsible for most of the observed chemical transformation in a polymeric material. 
Transfer of high value of energy due to heavy ion irradiation results into an unusual 
density of electron hole pairs close to the ion path and consequently the modifications in 
a polymer differ from those observed with low ionizing beams [7,8]. Some of the 
modifications by incident ions have been attributed to the scissoring of the polymer 
chains, breaking of covalent bonds, promoting the cross-linkages, carbon cluster 
formation, liberation of volatile species and even the formation of new chemical bonds in 
some cases [9-12]. The effectiveness of these modifications, produced in the polymer 
depends on the structure and the ion beam parameters (energy, fluence, mass, charge) and 
the nature of the target material itself Fink and Coworkers [13] carried out IR studies on 
polycarbonate using low energy Ar ions whereas many workers [11-15] have reported the 
use of various high energy heavy ion beams for modifying the chemical structure of 
polymers like polypropylene, polyimide and polymathyl meth-acrylate / polystyrene and 
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CR-39 and Lexan polycarbonates. In the present work, modifications induced by swift 
C *^ ions (70 MeV) in chemical and structural properties of CR-39 (DOP) and Polyamide 
Nylon-6 have been investigated and an attempt has been made to explain the 
modifications on the basis of change in chemical structure. 
CR-39 is a homopolymer and high grade optical plastic and has been widely used as ion 
track detector due to its intrinsic property of ion track detection [16]. It consists of 
polyallyl chains cross linked by diethylene glycol dicarbonate linkages. The monomer 
unit of CR-39 polycarbonate [17] is as follows: 
O 
II 
CH2-CH2-O—C-0-CH2-CH=CH2 
O O 
I II 
CH2-CH2-O—C-0-CH2-CH=CH2 
The optical and etching properties of CR-39 can be improved by incorporating additives 
such as dioctyl phthalate (DOP) in the polymer [18,19]. Polyamides are used extensively 
as high performance plastic materials because of their unique combination of superior 
mechanical, electrical, chemical and thermal properties. The structure of Polyamide-
Nylon-6 is given as: 
_o H_, 
- - C - ( C H 2 ) - N - -
Calculation using SRIM 2003 program shows that for C^"*" ion irradiation of these two 
polymers, (dE/dX) electronic is about 100 to 2000 times of (dE/dX) nuclear for 1 to 70 MeV 
ion energy (see Figure 5.1). Moreover, (dE/dX)eiectronic is seen to be ~ 4.5 times higher for 
70 MeV C *^ beam on CR-39 (DOP) than that for 50 MeV Li^ ^ beam used for irradiation 
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Figure 5.1 : Variation of energy loss with ion energy 
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on CR-39 by Virk and Srivastava [11]. (dE/dx)eiectronic for 70 MeV C^ ^ beam on 
Polyamide Nylon-6 is 23.01 x 10"^  KeV/ nm. It was thought worth while to use C^ "^  ions 
for the study of modification induced by irradiation on these two different polymers. 
5.2 Experimental 
Self supporting CR-39 (DOP) 250 ^m thick sheets, specially prepared by adding 
0.2 % dioctyl phthalate (DOP) to CR-39 monomer (Cu H18O7 and sp. gr. 1.32 gml"') 
were obtained from Pershore Moulding Ltd. (UK). Polyamide Nylon - 6 specimen in the 
form of a flat film of tliickness 250 |im was procured from Good Fellow Cambridge Ltd. 
(U.K.). The samples of size 1.5x1.5 cm were used for irradiation. Polymer samples were 
mounted on a vacuum shielded vertical sliding ladder and were exposed to 70 MeV C^ ^ 
ion beam in the General Purpose Scattering Chamber (GPSC) under high vacuum (~ 4 x 
10"^  Torr) using the 15 UD Pelletron accelerator at Nuclear Science Centre, New Delhi, 
India. [20]. The fluence was varied from 10*' ions cm'^  to lO'^  ions cm'^ . In order to 
expose the whole target area uniformly, the beam was scanned in the X-Y plane (over 1.5 
X 1.5 cm )^. The modifications have been analysed by FTIR spectroscopy and XRD 
analysis. FTIR Spectroscopy was performed in transmission mode using NICOLET-550 
FTIR spectrometer. The spectra were recorded in the wave number range of 4000-400 
cm"'. XRD with Cu Ka radiation was done in a Philips Analytical X-ray B.V. 
diffractometer. 
5.3 Results and discussion 
5.3.1 FTIR spectroscopy 
The FTIR spectra for CR-39 (DOP) polycarbonate samples, virgin and irradiated by 70 
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MeV C ions at different fluences, are shown in Figure 5.2 Characteristic absorption 
bands, observed in the region 3400-3600 cm'' and 1800-1600 cm'', appear to belong to 
the C = 0 stretching vibrations of carbonate groups. Virk and Srivastava et al [11] did not 
observe any considerable changes in CR-39 polycarbonate after irradiation with 50 MeV 
Li '^^ ions. Srivastava et al. [15] have studied the modifications induced by 100 MeV 
silicon ions in 'Lexan' polycarbonate and observed the appearance of a peak 
corresponding to 3500 cm'' on irradiation. Its intensity increased with the ion fluence 
alongwith decrease in the absorption intensity of the band at 1775 cm"' representing 
C=0 stretch. Which give indication that chain scission may be taking place at the 
carbonate site with probable elimination of carbon dioxide/ carbon monoxide and 
formation of hydroxyl group. In the present study on CR-39 (DOP) polycarbonate, the 
intensity of the absorption band appearing in the region 3400-3600 cm'' increased with 
the C^ "^  ion fluence, but there appears to be no visible change in 1800-1600 cm"' region. 
This indicates that the scissoring is not taking place at carbonate site but it occurs at -
CH2-O-CH2- site resulting in the formation of hydroxyl group. Another absorption band 
of weak intensity appears at 560 cm'' indicating the C - C skeletal vibration [21]. The 
FTIR spectra of irradiated samples show considerable changes at the fluences of lO'^ and 
10'^  ions cm"^ , where following modifications are clearly evident: (i) the intensity of the 
absorption peaks at 2500 cm"' and 2200 cm'' decreases on increasing the fluence and (ii) 
the marked change in the spectrum in the region 600 to 800 cm'' which is due to 
ethylenic twisting (-CH=CH2). Thus the results denote that degradation is the main effect 
induced by irradiation. 
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Figure 5.3 presents the FTIR spectra of virgin and irradiated Polyamide Nylon - 6 
samples. The spectrum of virgin sample shows all the characteristic bands of Nylon-6 
[21]. On irradiation the only band at 970-900 cm'' is affected which represents C-N 
stretching vibration of ~ ^ " ' ~ ^ ~ group [22]. The intensity of C-N stretching vibration 
of -CH2-N- group decreases when irradiated with 70 MeV C"^^ ion beam at a fluence 
level of 10'^  ion cm"^ . This band completely disappears on irradiation at the fluence level 
of 10'^  ion cm'^ . This indicates that the chain scission may be taking place at the primary 
amine site. No linear scaling has been observed with fluence. Trautmaim et al [23 ] have 
reported the appearance of the new peak around 3295 cm'' and a weak band around 2115 
cm'' in the FTIR spectra of polymers irradiated by Kr ions (8.6 MeV / u) a fluence of 6 x 
10'^  ions / cm .^ Some changes seen to take place in these regions in CR-39 (DOP) 
polycarbonates at the fluence of 10 and 10 ions/cm . However, no change is observed 
in Polyamide-Nylon-6 polymer. 
5.3.2 XRD investigations 
The polymeric samples studied here are widely used materials falling in the class 
of the majority of polymer materials that consist of crystalline and amphorous regions in 
different proportions. XRD has been performed with the following limited objectives and 
no attempt has been made to determine the complete structure of the polymeric samples. 
The objectives of XRD on virgin and irradiated polymeric samples have been to show the 
variation with the increasing fluence of 70 MeV C^"^  ions: (a) of several inter-planer 
separations 'd', (b) of the relative intensity (I / lo) of the XRD peaks corresponding to 
these atomic planes, where I represents the intensity of the X-ray peak after background 
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Figure 5.2 : FTIR spectra ofCR-39 (DOP) polymer irradiated with 70 MeV C^ ion 
beam: (a) virgin (b) lO" (c) lO'^ and (d) lO'^ ions cm'^ 
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correction as per the standard Philips diffractometer program, the intensity of the most 
intense peak of each XRD pattern has been taken as Io(100%). Redistribution of X-ray 
intensity among different peaks due to irradiation, if any can be observed from these data, 
(c) of the change of crystallite or particle size, as calculated from the width (b, the full 
width of half maximum FWHM in radian) of a peak. Thus, without indexing and detailed 
determination of the structure, their structural aspects (a to c) have been studied as a 
function of fluence. 
Figure 5.4 shows the XRD patterns for CR-39 (DOP) in virgin and irradiated 
conditions for 70 MeV C^^  irradiations up to the fluence of 10*'' ions cm'^. The diffraction 
pattern of CR-39 (DOP) virgin polymer indicates that this polymer is amorphous in 
nature and shows one prominent X-ray peak at 20 = 20.490°. The irradiated ones also 
shows an identical diffraction pattern except that the effect of ion irradiation are (i) a shift 
of this peak towards lower angle, occurring at 10 ions cm' , the lowest fluence used, and 
(ii) a broadening of the XRD peak. The concept of crystallinity in the case of polymers is 
quite different than that of other solids. However, the change in intensity and the shift in 
angular position can be explained by a change in lattice spacing [24]. The broadening of 
peak suggest on evolution of the polymer towards a more disordered state and also a 
change in crystallite size on irradiation by ions. The average crystal size, more commonly 
known as particle size L, is related to b, the fiill width at half maximum (FWHM) of the 
peak (in radian) by the well known [25] Scherrer formula 
L = X/(h. cosG) 
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Figure 5.4 : X-ray diffraction pattern ofCR-39 (DOP) polycarbonate 
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where X is the wavelength of the X-ray used. Calculation shows that L is 11.8 A for the 
virgin or unirradiated polymer, 11.2 A for irradiation to lO" ions cm'^, 11.2 A for 
irradiation to lO'^ ions cm'^ and 9.3 A for irradiation to lO''' ions cm'^. This implies that 
average crystallite size L reduces by about 21% on irradiation to a fluence of lO''' ions 
cm"^ , with only marginal change at lower fluences. Table 1 presents the XRD analyses for 
virgin or unirradiated Polyamide NyIon-6. XRD shows two intense peaks (Table 1) at 
29 values 20.49° and 23.18°. On irradiation to lO" ions cm'^, a third overlapping peak at 
24.24° could be separated. Another peak at 24.21° shows up at the fluence level of lO'^ 
ions cm"^ . Here, the ion irradiation shifts the peaks of the virgin sample towards lower 
angle, although to a lesser extent than in CR-39 (DOP). But the broadening for the XRD 
peaks is reduced on irradiation. Considering the maximum intensity peak, the average 
crystallite size L is found to be 22.4 A for the virgin sample and 22.6 A and 29.8 A for 
irradiations to 10 ions cm' and 10 ion cm', respectively. This amounts to 33 % 
change of the average crystallite size for Polyamide Nylon-6 polymer. 
5.4 Conclusion 
FTIR pattern of Polyamide Nylon-6 gives an indication that due to irradiation 
chain scission may be taking place at the primary amine site. Whereas in CR-39 (DOP) 
there is no indication of chain scission at carbonate site. XRD patterns of the polymers 
studied in the present work clearly show crystalline and amorphous regions in the 
samples. Even at the lowest fluence of our irradiation, the contribution of the amorphous 
region to the XRD pattern increases, and there are changes in the width and position of 
the peaks resulting from the crystalline region (Figure 5.4). The pattern is fiirther affected 
at higher fluences as discussed. However, ion induced changes in the FTIR pattern appear 
17 9 
only at 10 ions cm' and higher fluences. 
148 
Table 1. 
X-ray diffraction results on Bragg Angle (9), relative intensity (I / IQ) and inter-planar 
spacing (d) of virgin and irradiated Polyamide Nylon-6 samples. Irradiation fluence 
values have been given in ions cm" . 
28 
Fluence (ions/cm )^ (0 = Bragg Angle) d(A) I/Io(%) 
Virgin 
10^' ions cm' 
10*^  ions cm"^  
20.49 
23.18 
20.01 
22.98 
24.24 
19.89 
22.70 
23.10 
24.21 
4.335 
3.838 
4.439 
3.870 
3.672 
4.464 
3.918 
3.851 
3.677 
100.0 
53.7 
100.0 
82.5 
50.0 
100.0 
85.7 
89.4 
53.7 
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Abstract 
Swift heavy ions interact predominantly through inelastic scattering while traversing any polymeric medium and 
produce excited/ionized atoms. This results into the modification of physical and chemical response of the polymer. CR-
39 (DOP) and polyamide nylon-6 polymer samples were irradiated with 70 MeV C'^ ion beam to the fluences of 10", 
10'^  and 10" ionscm"^. Modifications due to irradiation were studied using Fourier transform infra red (FTIR) 
spectroscopic and X-ray diffraction (XRD) technique. Considerable deformation has been observed in both the 
polymers at the fluence of 10'^  and 10" ionscm"^. XRD analyses show slight shift of peak position and significant 
changes in peak width and intensity. Particle size or grain size, calculated by applying Scherrer formula, indicates 
measurable changes in particle size in the irradiated samples. XRD peaks at /^-values of 4.335 A and 3.838 A for the 
virgin polyamide nylon-6 gradually change with increasing fluence into one broad peak. Some difference in the irra-
diation effect in these two different polymers has been observed. 
© 2003 Elsevier B.V. All rights reserved. 
PACS: 42.8S.+h\ 71.20.Rv 
Keywords: CR-39 (DOP); Polyamide nylon-6; Carbon ions; Ion beam modification; FTIR spectroscopy; X-ray diffraction 
1. Introduction modification as dramatic modifications in poly-
meric materials have been observed [1-5] as a re-
The modification of polymers using ion beam suit of irradiation of polymers with swift heavy 
irradiation is now well established. The availability ions. This causes bond cleavages; the formed free 
of heavy ion beams from the accelerators has radicals are expected to come to rest and may react 
brought new inpetus to the field of ion beam in a molecular site of a different type from their 
original site [6]. These radicals are responsible for 
most of the observed chemical transformation in a 
'Corresponding author. Tel.: +91-571-274-2837. polymeric material. Transfer of high value of en-
E-mail address: rajendraprasadl@reditrmail.com (R. Pra- ergy due to heavy ion irradiation results into an 
sad). unusual density of electron hole pairs close to the 
0168-583X/$ - see front matter © 2003 Elsevier B.V. All rights reserved. 
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ion path and consequently the modifications in a 
polymer differ from those observed with low ion-
izing beams [7,8]. Some of the modifications by 
incident ions have been attributed to the scissoring 
of the polymer chains, breaking of covalent bonds, 
promoting the cross-linkages, carbon cluster for-
mation, liberation of volatile species and even the 
formation of new chemical bonds in some cases 
[9-12]. The effectiveness of these modifications, 
produced in the polymer depends on the structure 
and the ion beam parameters (energy, fluence, mass, 
charge) and the nature of the target material itself. 
Fink and coworkers [13] carried out IR studies on 
polycarbonate using low energy Ar ions whereas 
many workers [11-15] have reported the use of 
various high energy heavy ion beams for modifying 
the chemical structure of polymers like polypro-
pylene, polyimide and polymethyl methacrylate/ 
polystyrene and CR-39 and lexan polycarbonates. 
In the present work, modifications induced by 
swift C'"*" ions (70 MeV), the intermediate energy, 
in chemical and structural properties of CR-39 
(DOP) and polyamide nylon-6 have been investi-
gated and an attempt has been made to explain the 
modifications on the basis of change in chemical 
structure. The energy of the projectile was chosen 
so that the ions could be stopped in the sample and 
transfer their total energy. 
CR-39 is a homopolymer and high grade opti-
cal plastic and has been widely used as ion track 
detector due to its intrinsic property of ion track 
detection [16]. It consists of polyallyl chains cross 
linked by diethylene glycol dicarbonate linkages. 
The monomer unit of CR-39 polycarbonate [17] is 
as follows: 
O 
II 
C H 2 - C H 2 - O — C - 0 - C H 2 - C H = C H 2 
O O 
I II 
C H 2 - C H 2 - O — C - 0 - C H 2 - C H = C H 2 
The optical and etching properties of CR-39 
can be improved by incorporating additives such 
as dioctyl phthalate (DOP) in the polymer [18,19]. 
Polyamides are used extensively as high per-
formance plastic materials because of their unique 
combination of superior mechanical, electrical. 
chemical and thermal properties. The structure of 
polyamide-nylon-6 is given as 
. 0 
-C-(CH2)-N— 
Calculation using SRIM 2003 program shows 
that for C +^ ion irradiation of these two poly-
mers, (df/dj:),,^,^^^,^ is about 100-2000 times of 
(d£/dv)„y^i^3^ for 1-70 MeV ion energy. Moreover, 
(df/cbr)^ ,^ ,^^ ^^ !^ , is seen to be ~4.5 times higher for 
70 MeV C^^ beam, on CR-39 (DOP) than that for 
50 MeV Li^ + beam used for irradiation on CR-39 
by Virk and Srivastava [11]. (d£/d;c) |^^ ,^„„i^ for 70 
MeV C +^ beam on polyamide nylon-6 is 
23.01 X 10"*^  keV/nm. It was thought worthwhile to 
use 0+ ions having higher {dE/dX)^^^^^^^^-^ than 
Li^ "^  for the study of modification induced by ir-
radiation on CR-39 (DOP) and also polyamide 
nylon-6, the two different polymers. 
2. Experimental 
Self-supporting CR-39 (DOP) 250 urn thick 
sheets, specially prepared by adding 0.2% DOP to 
CR-39 monomer (C^HigOy and sp. gr. 1.32 
gml"') were obtained from Pershore Moulding 
Ltd. (UK). Polyamide nylon-6 specimen in the 
form of a flat film of thickness 250 \xm was pro-
cured from Good Fellow Cambridge Ltd. (UK). 
The samples of size 1.5x1.5 cm^ were used for 
irradiation. Polymer samples were mounted on a 
vacuum shielded vertical sliding ladder and were 
exposed to 70 MeV C'^ ion beam in the general 
purpose scattering chamber (GPSC) under high 
vacuum (~4xl0"^ Torr) using the 15 UD Pelle-
tron accelerator at Nuclear Science Centre, New 
Delhi, India [20]. The fluence was varied from 10" 
to 10'^  ionscm"^. In order to expose the whole 
target area uniformly, the beam was scanned in the 
X-Y plane (over 1.5 x 1.5 cm'). The modifications 
have been analysed by Fourier transform infra red 
(FTIR) spectroscopy and X-ray diffraction (XRD) 
analysis. FTIR spectroscopy was performed in 
transmission mode using NICOLET-550 FTIR 
spectrometer. The spectra were recorded in the 
wave number range of 4000^00 cm"'. XRD with 
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Cu Ka radiation was done in a Philips Analytical 
X-ray B.V. diffractometer. 
3. Results and discussion 
3.1. FTIR spectroscopy 
The FTIR spectra for CR-39 (DOP) polycar-
bonate samples, virgin and irradiated by 70 MeV 
C^ + ions at different fluences, are shown in Fig. 1. 
Characteristic absorption bands, observed in the 
region 3400-3600 and 1800-1600 cm"', appear to 
belong to the C=0 stretching vibrations of car-
bonate groups. Virk and Srivastava et al. [11] did 
not observe any considerable changes in CR-39 
polycarbonate after irradiation with 50 MeV Li^ "" 
ions. Srivastava et al. [15] have studied the modi-
fications induced by 100 MeV silicon ions in 'lexan' 
polycarbonate and observed the appearance of a 
peak corresponding to 3500 cm"' on irradiation. Its 
intensity increased with the ion fluence alongwith 
KCD 36Q0 3nO 3«n 2000 1600 
WuvwuuiikUiMj {cfn'I 
Fig. I. FTIR spectra of CR-39 (DOP) polycarbonate, (a) Virgin; irradiated to the fluence of (b) 1x10", (c) IxlO'^ (d) 1x10" 
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decrease in the absorption intensity of the band at 
1775 cm"' representing C = 0 stretch. Which gave 
indication that chain scission may be taking place 
at the carbonate site with probable elimination of 
carbon dioxide/carbon monoxide and formation 
of hydroxyl group. 
In the present study on CR-39 (DOP) polycar-
bonate, the intensity of the absorption band ap-
pearing in the region 3400-3600 cm"' increased 
with the C^ "^  ion fluence, but there appears to be 
no appreciable change in 1800-1600 cm"' region. 
This indicates that the scissoring is not taking 
place at carbonate site but it occurs at -CHj -O-
CH2- site resulting in the formation of hydroxyl 
group. Another absorption band of weak intensity 
appears at 560 cm"' indicating the C-C skeletal 
vibration [21]. The FTIR spectra of irradiated 
samples show considerable changes at the fluences 
of 10'- and 10" ions cm"-, where following mod-
ifications are clearly evident: (i) the intensity of the 
absorption peaks at 2500 and 2200 cm"' decreases 
on increasing the fluence and (ii) the marked 
change in the spectrum in the region 600-800 cm"' 
which is due to ethylenic twisting (—CH=CH2). 
Thus the results denote that degradation is the 
main efi"ect induced by irradiation. 
Fig. 2 presents the FTIR spectra of virgin and 
irradiated polyamide nylon-6 samples. The spec-
trum of virgin sample shows all the characteristic 
bands of nylon-6 [21]. On irradiation the only 
«000 3600 3200 2»00 240O 2000 1600 
Wav«numbert (cnrM 
1200 800 
Fig. 2. FTIR spectra of polyamide nylon-6 polymer, (a) Virgin; irradiated to the fluence of (b) 1x10" . (c) l x l O ' \ (d) 1x10" 
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band at 970-900 cm"' is affected which represents 
C-N stretching vibration of —CHj-N-group 
[il2]. The intensity of C-N stretching vibration of-
C^H2-N- group decreases when irradiated with 70 
HeV C'+ ion beam at a fluence level of 10'^ 
io^cm"^. This band completely disappears on ir-
raiiiation at the fluence level of 10" ioncm"-^. This 
inclicates that the chain scission may be taking 
place at the primary amine site. No linear scaling 
has: been observed with fluence. 
3.2. XRD investigations 
The polymeric samples studied here are widely 
used materials falling in the class of the majority of 
polymer materials that consist of crystalline and 
amphorous regions in different proportions. XRD 
has been performed with the following limited 
objectives and no attempt has been made to de-
termine the complete structure of the polymeric 
samples. The objectives of XRD on virgin and ir-
radiated polymeric samples have been to show the 
variation with the increasing fluence of 70 MeV 
C'^ ions: (a) of several inter-planer separations 'd\ 
(b) of the relative intensity (I/IQ) of the XRD 
peaks corresponding to these atomic planes, where 
/ represents the intensity of the X-ray peak after 
background correction as per the standard Philips 
diffractometer program, the intensity of the most 
intense peak of each XRD pattern has been taken 
as /o(100%). Redistribution of X-ray intensity 
among different peaks due to irradiation, if any 
can be observed from these data, (c) of the change 
of crystallite or particle size, as calculated from the 
width (b, the full width of half maximum FWHM 
in radian) of a peak. Thus, without indexing and 
detailed determination of the structure, their 
structural aspects (a to c) have been studied as a 
function of fluence. 
Fig. 3 shows the XRD patterns for CR-39 
(DOP) in virgin and irradiated conditions for 70 
MeV C'+ irradiations up to the fluence of 10'^ 
ionscm-2. The diffraction pattern of CR-39 (DOP) 
virgin polymer indicates that this polymer is 
amorphous in nature and shows one prominent 
X-ray peak at 20 = 20.490°. The irradiated ones 
also show an identical diffraction pattern except 
that the effect of ion irradiation are (i) a shift of this 
TOO 
CR-39(DOP) virgin | 
40 W 
Degree (26) 
Fig. 3. X-ray diffraction pattern of CR-39 (DOP) polycarbon-
ate. 
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peak towards lower angle, occurring at 10" 
ionscm"^, the lowest fluence used, with almost no 
further increase with fluences used here and (ii) a 
broadening of the XRD peak. The concept of 
crystallinity in the case of polymers is quite differ-
ent than that of other solids. However, the change 
in intensity and the shift in angular position can be 
explained by a change in lattice spacing [23]. The 
broadening of peak suggests an evolution of the 
polymer towards a more disordered state and also a 
change in crystallite size on irradiation by ions. 
The average crystal size, more commonly 
known as particle size L, is related to b, the full 
width at half maximum (FWHM) of the peak (in 
radian) by the well known [24] Scherrer formula 
L = ;./(6-cos0), 
where ). is the wavelength of the X-ray used. Cal-
culation shows that Z, is 11.8 A for the virgin or 
unirradiated polymer, 11.2 A for irradiation to 
10" ionscm"^, 11.2 A for irradiation to 10'^  
ionscm"^ and 9.3 A for irradiation to 10'^  
ionscm"^. This implies that average crystallite size 
L reduces by about 21% on irradiation to a fluence 
of 10'^  ionscm"^, with only marginal change at 
lower fluences. 
Table 1 presents the XRD analyses for virgin or 
unirradiated polyamide nylon-6. XRD shows two 
intense peaks (Table 1) at 20 values 20.49° and 
23.18°. On irradiation to 10" ionscm"', a third 
overlapping peak at 24.24° could be separated. 
Another peak at 24.21° shows up at the fluence level 
of 10'^  ions cm"-. Here, the ion irradiation shifts the 
peaks of the virgin sample towards lower angle,, 
although to a lesser extent than in CR-39 (DOP)/. 
But the broadening tor the XRD peaks is reduced 
on irradiation. Considering the maximum intensify 
peak, the average crystallite size L is found to be 
22.4 A for the virgin sample and 22.6 and 29.8 A for 
irradiations to 10" and 10'^  ioncm"^, respectively. 
This amounts to 33% change of the average crys-
tallite size for polyamide nylon-6 polymer. \ 
4. Conclusion 
FTIR pattern of polyamide nylon-6 gives an 
indication that due to irradiation chain scission 
may be taking place at the primary amine site. 
Whereas in CR-39 (DOP) there is no indication of 
chain scission at carbonate site. XRD patterns of 
the polymers studied in the present work clearly 
show crystalline and amorphous regions in the 
samples. Even at the lowest fluence of our irradi-
ation, the contribution of the amorphous region to 
the XRD pattern increases, and there are changes 
in the width and position of the peaks resulting 
from the crystalline region (Fig. 3). The pattern is 
further affected at higher fluences as discussed. 
However, ion induced changes in the FTIR pattern 
appear only at 10'- ionscm"^ and higher fluences. 
Table 1 
X-ray diffraction results on Bragg angle (0), relative intensity 
(///o) and inter-planar spacing (d) of virgin and irradiated 
polyamide nylon-6 samples 
Fluence 
(ionscm"^) 
Virgin 
10" 
ionscm"^ 
10'^ 
ionscm"^ 
20 
(0 = Bragg 
angle) 
20.49 
23.18 
20.01 
22.98 
24.24 
19.89 
22.70 
23.10 
24.21 
d{k) 
4.335 
3.838 
4.439 
3.870 
3.672 
4.464 
3.918 
3.851 
3.677 
///o (%) 
100.0 
53.7 
100.0 
82.5 
50.0 
100.0 
85.7 
89.4 
53.7 
Irradiation fluence values have been given in ions cm 
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Abstract 
CR-39 is a polycarbonate widely used as SSNTD for recording nuclear charged particles and in other applications. Latent ion 
tracks produced in the polymers due to the damage produced by the passage of Swift Heavy Ions contain amorphous material 
with highest degree of disorder, changing the free volume properties which have strong correlation with the macroscopic 
properties of the material. Positron annihilation lifetime spectroscopy (PALS) provides direct information about the dimension, 
content and hole size distribution of free volume in polymers. The effect of irradiation of ""'Ar (14.9 MeV/n) ions on CR-39 
polycarbonate by Positron Annihilation Lifetime Spectroscopy (PALS) is reported here. PALS provides a non-destructive and 
non-interfering probe, having high detection efficiency for free volume hole properties. From o-Ps lifetime mean free volume 
hole radius and average free volume of the micro-voids have been calculated. PAL measurement shows an increase in free 
volume on irradiation. 
© 2003 Elsevier Ltd. All rights reserved. 
Keywords: CR-39 Polycarbonate; •*"Ar ion irradiation; Positron lifetime; Ion beam modification 
1. Introduction 
SSNTD's are threshold type detectors and have wide ap-
plications. CR-39 is a polymer of poly allyldiglycol carbon-
ate and has been widely used in heavy ion research such 
as composition of cosmic rays, heavy ion nuclear reactions, 
radiation dose due to heavy ions, exploration of extra heavy 
elements etc. swift heavy ions (SHI) produce permanent 
damage in polymeric materials as latent tracks along their 
path due to dissociation of valence bonds, cross linking and 
formation of free radicals (Myler ct al., 1998). These ion 
tracks contain amorphous material with highest degree of 
disorder. The damage results into the change of free volume 
properties of the material which have strong correlation with 
its macroscopic properties (Ferry, 1980). Positron annihila-
tion spectroscopy (PAS) has emerged as a unique and potent 
probe for characterizing the free volume properties of poly-
mers (Jean, 1995). In PAS the positron is used as a nuclear 
" Corresponding author. Tel: +91-571-2742-837. 
E-mail address: rajendraprasadl{ajredilTmail.com (R. Prasad). 
probe which is repelled by the ion cores and preferentially 
localized in the atomic size free-volume holes (Schrador and 
Jean, 1988) of a polymeric material. Therefore, the positron 
and positronium (Ps) annihilation signals are found to be 
contributed mainly from the free volume holes in the poly-
mer. Ps atom has two spin states: para-positronium (/)-Ps) 
having spin zero (lifetime in vacuum 125 pico seconds (ps) 
and ortho-positronium (o-Ps) having spin one (lifetime in 
vacuum 142 nano seconds (ns). o-Ps lifetime is reduced due 
to interaction of o-Ps with electrons from surrounding matter 
(pick off annihilation)) and decays in two gamma rays. In 
polymers three positron lifetimes (TI , T:. T;, ) are often found 
which range from 100 ps to 5 ns. These lifetimes from short-
est to longest are believed to be due to the self annihilation 
of p-Ps, the annihilation of free positron and the pick off 
annihilation of o-Ps respectively. Currently PAS has been 
Department of Atomic Energy Facilities (lUC-DAEF). 
Kolkata centre. A specially designed 5 pCi ""Na source 
deposited on a rhodium foil was sandwiched between the 
stacks of two layers of polycarbonate films. The thickness 
of the samples is adequate to absorb more than 99% of 
1350-4487/03/$-see front matter © 2003 Elsevier Ltd. All rights reserved, 
doi: 10.1016/51350-4487(03)00113-6 
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positrons emitted. Fast-fast coincidence spectrometer which 
entails monitoring the signal (1.28 MeV gamma ray from 
positron mainly developed in monitoring the o-Ps (a triplet 
state) annihilation lifetimes (PAL) for polymeric applica-
tions. o-Ps lifetime and its probability are related to the free 
volume size, fraction and distribution. 
2. Experimental method 
Several circular discs of diameter 5 cm were punched 
from a 500 |.im thick sheet of CR-39 polycarbonate sheets 
(Bayer A.G.,Germany). The pieces were mounted on slide 
glass backing as stacks for irradiation. The stacks were ex-
posed to the well collimated and isotopically pure beam 
of •'"Ar (14.9 MeV n) ions at UNILAC. Gs'l Darmstadt. 
Germany. They were placed at 45° to the ion beam and the 
fluence of the incident ions was monitored with a surface 
barrier detector linked to computer controlled multi chan-
nel analyzer. The fluence was 10^ ions cm ''. PAL mea-
surements were made at the Inter University Consortium for 
decay of the source as start time and 0.511 MeV gamma 
ray from the positron annihilation in the material sample 
under study as the end time), was used for recording the 
PAL spectra. BaF; scintillators coupled to Phillips XP2020 
photomultipliers were used in fast timing. The energy res-
olution is associated mainly with the slow component at 
310 nm with a decay constant of 620 ns and emitting about 
80% of the total light. Apart from the advantage of the 
fast component BaF: is attractive due to its high atomic 
number Ba(56) and relative high density of 4.88 g/cm' 
which are favorable properties for a high photo peak detec-
tion efficiency for gamma rays. ORTEC Constant Fraction 
Differential Discriminators were used for selecting energy 
and providing time signals to Time to Amplitude Converter. 
The time resolution (FWHM) of prompt spectra was 280 ps. 
3. Data analysis of PAL spectra 
PAL spectra were analyzed by finite term lifetime anal-
ysis using PATFIT-88 (Kirkegaard et al., 1989) program. 
It decomposes a PAL spectrum into 2-5 terms of negative 
exponentials. In polymers 3 lifetime results give the best / " 
( < 1.1) and most reasonable standard deviations (Jean and 
Dai. 1993). o-Ps annihilation in the spherical free volume is 
described by simple quantum mechanical model of spheri-
cal potential well with an electron layer of thickness AR. 
The results of o-Ps lifetime (T.;) . the longest lifetime due 
to o-Ps annihilation were employed to obtain the mean free 
volume hole radius by the following semi-empirical equa-
tion (Nakamshi et al.. 1988; Jean. 1990)-. 
(1) 
where T3 and R (hole radius) are expressed in ns and A, re-
spectively. Rt) equals R + A/? where A.R is the fitted empiri-
cal layer thickness ( = 1.66 A) The micro-void volume {V() 
is given by \nR . 
4. Results and discussion 
A lifetime spectra of unirradiated and irradiated CR-39 
polycarbonate are shown in Fig. 1. From the analyses of 
lifetime spectra after source correction by PATFIT-88 com-
puter code, the lifetime and intensity of three components 
^ ' o- / 
— + — SmI 
Ru 2 71 ^ 
^InRW 
V X- ) \ 
100000-J 
Unirradiated CR-39 
Position Lifetime Spectra 
(Time resolution - 280 ps) 
10000-
J2 
c 
o 
o 
1000 
320 340 360 
Channel No. 
420 
Fig. 1. Positron lifetime spectra of unirradiated and irradiated CR-39 polycarbonate. 
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Table 1 
Lifetime and intensities of unirradiated and irradiated CR-39 polycarbonate sample 
Sample 
Unirradiated 
Irradiated 
ii (ns) 
0.173 
0.167 
/, (%) 
70.8 
65.9 
T: (ns) 
0.505 
0.452 
h (%) 
25.1 
29.8 
t.i (ns) 
1.381 
1.418 
/, (%) 
4.1 
4.3 
Table 2 
The lifetime parameters of o-Ps and radius of free volume hole in CR-39 
Sample t3 (ns) /3 (%) ft (A) Vfiky 
Unirradiated 
Irradiated 
1.381 ±0.010 
1.418 ±0.011 
4.1 ±0.04 
4.3 ± 0.04 
2.202 ±0.012 
2.247 ±0.013 
44.701 ± 0.423 
47.498 ± 0.477 
were obtained for unirradiated and irradiated samples and 
are presented in Table 1. 
In the PAL spectra it is the o-Ps lifetime which is very 
sensitive to structural changes in the polymer and is directly 
correlated to the free volume hole size (Jean, 1990). The 
intensity of this component contain information about free 
volume hole concentration. When a swift heavy ion is bom-
barded on the polymer, the ion energy is transferred to atoms 
in the polymer chain in a very short time and in a very small 
volume surrounding the ion track. The energy transfer or 
the energy loss by SHI is mainly electronic and the nuclear 
energy loss is almost negligible at the energy used here. 
Thus the modifications can be considered due to electronic 
energy loss only. The energy loss by SHI occurs discretely 
as spur (an energy loss event in a track involving a small 
energy deposit) along the ion track instead of a continuous 
decay in energy. The spur energy lies with in 100 eV with 
an average value of 30-40 eV for polymers (Magee and 
Chatterjee, 1987) which is approximately equal to the aver-
age energy required to produce one ion or radical pair. This 
energy transfer leads to radical formation, bond session and 
cross-linking of polymer chains. The dominance of scission 
or cross-linking depends essentially on the polymer and the 
energy loss per unit path length or linear energy transfer 
(LET). In case of high LET, spurs overlap, the probability 
of two radical pairs to be in neighboring chains is increased 
and cross-linking is facilitated. For low LET, spurs develop 
far apart and independently, the deposited energy tends to 
be confined in one chain (not in neighboring chain), lead-
ing to scission (Lee, 1999). The scission causes an increase 
in the free volume where as the cross-linking reduces the 
available free volume (Fink et al., 1999; Trautmann et al., 
1999). The area occupied by the tracks (diameter of the order 
of 1-10 nm) in the samples exposed to low fluence (10^-
lO'' ions/cm") is of the order of 10"'' cm". At high fluence 
the track area becomes comparable to the sample area and 
the overlapping of tracks takes place. At low fluences, the 
average molecular chain length decreases due to scission. 
which eventually increases the free volume. At high flu-
ences, however, scissioned segments cross-link randomly, 
increasing the number of free volume holes and decreasing 
the average free volume. Also at the low dose the halo (di-
ameter of the order of 100-1000 nm) which surrounds the 
tracks (diameter of the order of 1-10 nm) plays an impor-
tant role. The halo is created by d electrons which have a 
broad spectrum of kinetic energy and trigger considerable 
ionization on their own. The nominal effect of irradiation 
may be due to the fact that the electronic collision cascade (<5 
electrons) which spreads out rapidly around the track, may 
not alter the microstructure of the polymer considerably. 
The free volume hole radius R and the volume V,- calcu-
lated from o-Ps lifetime X} are given in Table 2. o-Ps life-
time and, therefore, the free volume hole radius increases on 
irradiation. However, almost no change has been observed 
in o-Ps intensity. 
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Abstract 
Indoor radon has been recognised as one of the heahh hazards for mankind especially when the uranium rich material lies 
close to the surface of the earth. Wide spread uranium mineralization is associated with copper, nickel and other sulphides 
in the Singhbhum shear zone developed at the northern margin of the Singhbhum craton in the state of Jharkhand of India. 
Emanation of radon an a-active inert gas is associated with the presence of uranium in ground whose concentration varies 
with specific sites and geological materials. Measurements of radon exhalation rate in rock samples from Surda copper mine 
area have been carried out. Can technique using LR-115 type II plastic track detector has been used for measurements. 
Uranium, thorium and potassium concentrations have been measured through low level gamma ray spectroscopy. Uranium 
concentration (activity) is found to vary from 135.8 to 4607.8 Bq/kg whereas the exhalation rate lies in the range 0.26 to 
1.15 Bq m~' h^ ' . Overall a positive correlation has been found between uranium concentration and radon exhalation rates. 
Results are compared with our earlier measurements in other mines regions of the Singhbhum shear zone. This area has the 
lowest uranium concentration and radon exhalation rate. 
© 2003 Published by Elsevier Ltd. 
Keywords: Uranium concentration; Radon exhalation rate; Gamma ray spectroscopy; Nuclear track detector; Rock samples 
1. Introduction 
Radon ( Rn) an, a-radioactive inert gas signals the pres-
ence of radium and its ultimate precursor uranium in the 
ground. These elements occur virtually in all type of rocks 
and soils but due to geo-chemical processes which have 
slowly recycled the crustal material to and from the earth's 
mantle, uranium has a heterogeneous distribution in earth 
and is found with widely varying concentrations in different 
types of rocks depending on the specific site and geologi-
cal material. As an inert gas, radon can move freely through 
soil from its source. Its range is determined by factors such 
as rate of diffusion, effective permeability of the soil and by 
its own half-life. The presence of radon in the environment 
constitutes a major health risk. The short-lived daughters of 
radon are well established as causative agents of lung can-
cer (Rajewsky, 1940; Sevc et al., 1976; UNSCEAR, 1993). 
* Corresponding author. Tel.: +91-571-2742-837. 
E-mail address: rajendraprasadl@rediffmail.com (R. Prasad). 
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Under specific conditions such as those prevailing in the 
uranium mining environment, lung dose due to radon 
progenies may be sufficiently high. Normally, the dominant 
contributor to indoor radon is the emanation from soil and 
fractured or weathered bed rock close to the surface. If 
uranium rich material lies close to the surface of the earth, 
there can be high radon emanation rates. However, high 
radon concentrations are not confined to uranium mines 
only, any mining activity in uranium bearing rock may 
cause significant radon levels in the mine air and in its 
immediate vicinity. In order to evaluate the radon risk in 
a given atmosphere, it is necessary to identify and local-
ize sources of this gas. The terrestrial environment is its 
principal origin and the source term is the characteristic 
of uranium bearing rocks. The correlation between the 
uranium concentration and the radon emanation potential 
of the source material is required for the estimation of 
radon risk. In the present study application of SSNTDs 
for radon exhalation rate measurements is coupled with 
gamma ray spectroscopy for the estimation of uranium 
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concentration in Surda copper mine area in Singhbhum siiear 
zone. 
Singhbhum shear zone is 200 km long and traceable from 
Duarpuram in west to Baharagora in the east, situated m the 
state of Jharkhand. eastern India. It is well known for the 
copper-uranium and apatite-magnetite ore deposits (Sarkar 
and Saha, 1986). The major deposits of copper occur in the 
south eastern part between Tamarpahar-Roam-Rakha and 
Surda-Mosbani-Badia. At Surda. uraniuin and copper min-
eralization are closely associated though not always coinci-
dent. UjOx-content upto ~ 0.05% has been noted. But the 
uranium mineralization has been concentrated in the fonn 
of impersistent lenses only. Rich but small lensoid bodies 
of uranium ore (UiOs averaging even 0.1% or more) have 
been located in some localities. It has been reported that 
the incidence of sulphide mineralization intensified wher-
ever volcanogcnic sericitc chlorite schist constitutes the host 
rock, while the uranium bearing quartzites are generally poor 
in sulphide minerals. The main sulphide ore minerals are 
chalcopyrites, pyrite and pyrrhotite, while the major ura-
nium bearing minerals are uraninite and pitchblende. Sul-
phide mineralization at surda has taken place in the chlorite 
biotite bearing quartz schist. 
lower part of a closed container (sealed cylindrical Can) 
and fix an a-sensitive SSNTD on the inner upper surface of 
the Can (Abu-Jarad et al., 1980; Khan et al., 1992). In such 
measurements it is expected that the exhalation rate depends 
upon the material and its amount as well as on the geome-
tiy and dimension of the Can and can be determined with 
reasonable accuracy (Somogy et al., 1986). 
LR-115 type II plastic track detector (2 cm x 2 cm) was 
fixed on top inside of cylindrical Can of 7.5 cm height and 
7.0 cm diameter. Equal amount of each 100 \xm grain size 
sample (100 g) was placed at the base of Can. The Cans 
were sealed for 90 days. Thus the lower sensitive part of 
the detector was exposed freely to the emergent radon from 
the sample in the Can so that it could record alpha particles 
resulting from the decay of radon in the remaining volume 
of the Can and from -""Po and ''""Po deposited on the inner 
walls of the Can. Radon and its daughters reach an equi-
librium in about 4 h and hence the equilibrium activity of 
emergent radon could be obtained from the geometry of the 
Can and the time of exposure. 
After the exposure the detectors were etched in 2.5 N 
NaOH at 60'^ C for a period of 90 min in a constant temper-
ature water bath for revelation of tracks. The resulting alpha 
2. Experimental methodology 
2.1. Radiometric studies 
A low level gamma ray spectrometric setup al the Na-
tional Geophysical Research Institute. Hyderabad was used 
for the estimation of U. Th and K. It consists of 5" x 6" Nal 
(Tl) scintillators coupled to a 5" diameter photomultiplier 
tube. Scintillation assembly is housed in a lead shield cave 
which presents 7" thickness of lead all around. The sample 
can be placed over the detector every time with the same 
geometric configuration, as it is arranged to sit tight fit in an 
aluminum ring. The output from the detector is fed to a PC 
in which EG & G ORTEC // ACE amplifier and MAESTRO 
II MCA Emulation software card is mounted. The ADC was 
set at 1024 channel to record the spectrum. The system was 
calibrated with standard U, Th and K samples, prepared by 
using powder from US Atomic Energy Commission, New 
Brunswick Laboratory. The rock samples were collected 
from Surda copper mines from different depths. The samples 
were finely powdered to 400 mesh with an agate. About 600 
-1000 g of the samples were sealed and left to attain equi-
librium. The energy peaks used were: 1.76 MeV of ""''Bi for 
U; 2.62 MeV of'"'Tl for Th and 1.46 MeV of* K for K.. 
Each sample was analyzed for long counting times (gener-
ally 7-12 ks). As they were highly active, errors in the con-
centrations would be only a few percent, not exceeding 5%. 
2.2. Radon exhalation measurements 
Most efficient method for the measurement of time inte-
grated radon exhalation rate is to place the sample in the 
Table 1 
Radon exhalation rate in rock samples from Cu deposits from 
Surda-Rakha mines in Singhbhum shear zone, Jharkhand 
Sample 
SUR 1 
SUR 2 
SUR 3 
SUR 4 
SUR 5 
SUR 6 
SUR 7 
SUR 8 
SUR 9 
SUR 10 
Depth 
(m) 
185.6 
154.4 
1744 
215.5 
256.8 
284.7 
291.8 
205.6 
291.8 
134.2 
Radon activity 
(Bq m ' ) 
1098.7 ±31.6 
2475.7 ± 46.7 
1313.8 ±34.8 
2333.8 ± 46.3 
1582.6 ± 3 8 4 
4142.8 ± 6 4 1 
3145.2 ±52.5 
2677.3 ± 47.7 
3040.9 ± 50.7 
1349.9 ±34.3 
Radon 
exhalation rate 
(Bq m - h--') 
0.39 ± 0.02 
0.89 ± 0.03 
0.47 ± 0.02 
0.84 ± 0.03 
0.57 ± 0.02 
1.50 ±0.04 
1.13 ±0.03 
0.96 ± 0.03 
1.1 ±0.03 
0.48 ± 0.02 
Table 2 
Uranium, thorium and potassium in rock samples from Cu deposits 
from Surda-Rakha mines in Singhbhum shear zone, Jharkhand 
Sample Uranium 
(Bq/kg) 
Thorium 
(Bq/kg) 
Potassium 
(Bq/kg) 
SUR 2 
SUR 3 
SUR 4 
SUR 5 
SUR 6 
SUR 7 
SUR 9 
1796.1 ±71.8 
1044.9 ±47.1 
3129.5 ±93.9 
1494.9 ±59.8 
4607.8 ± 138.2 
666.5 ± 29.9 
135.8 ±6.8 
28.1 ± 1.1 
44.6 ±2.1 
24.2 ± 1.0 
18.9 ±0.8 
36.6 ± 1.8 
33,6 ± 1.6 
47.6 ± 2.3 
485.7 ± 194 
257.0 ± 11.6 
61.6 ±2.0 
231.3 ± 9 4 
434.3 ± 18.1 
290.4 ± 13.1 
53.9 ±2.7 
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Table 3 
Average radon exhalation rate in rock samples for different mining regions in Singhbhum shear zone 
S. no. Details Average radon 
activity ± S.D. 
( B q m - ' ) 
Average randon 
exhalation rate ± S.D. 
(Bq m" - h -' ) 
Mosabani mines (Cu-U mines) 
Narwapahar mines (Cu-U mines) 
Jaduguda mines (U-mines) 
Pathargora mines (Cu-mines) 
Rakha mines (Cu-U mines) 
Bhatin mines (Cu-U mines) 
Surda mines (Cu-mines), present value 
14465 ± 1908 
6363 ±5410 
27274 ± 18846 
11204 ± 7104 
21198 ±4881 
14533 ± 16907 
2316 ±931 
5.2 ± 0.7 
2.3 ± 2.0 
9.9 ± 6.8 
4.1 ±2.6 
7.6 ± 1.8 
5.2 ± 6.0 
0.83 ± 0.4 
tracks on the exposed face of the track detector were counted 
using on optical microscope at a magnification of 400x . The 
radon activity of integrated radon exposure inside the Can 
was obtained from the track density of the detector by using 
calibration factor of 0.56 tracks cm"" d" ' (Bq m " ' ) " ' 
obtained from an earlier calibration experiment (Singh et 
al., 1997). The exhalation rate is found from the ex-
pression (Fleischer and Morgo-campero, 1978; Khan 
etal. , 1992): 
Ex = CVklA[T + l//.{e" I}]. (1) 
where Ex is the radon exhalation rate (Bq m^" h ^ ' ) , C 
the integrated radon exposure as measured by LR-115 type 
11 plastic track detector (Bq m ^ ' h ' ' ) , V the effective 
volume of the Can (m ' ) , /. the decay constant for radon 
(h ' ) , T the exposure time (h), A the area covered by the 
Can (m"). 
3. Results and discussion 
The radon exhalation rate and concentration of U, 
Th and K in rock samples collected from Surda copper 
mines are presented in Tables 1 and 2. The distribution 
of trace radioactive elements is hetrogenous which is very 
common in crustal rocks. U concentration varies from 
135.8 to 4607.8 Bq/kg and radon exhalation from 0.26 
to 1 .5Bqm~" h ^ ' . Overall positive correlation can be 
seen between U concentration and radon exhalation rate. 
Table 3 presents the comparison of the results of our earlier 
studies in different mine regions. (Singh et al., 1999; Sen-
gupta et al., 2001) with the present measurements in Surda 
copper mines in the Singhbhum shear zone. The results 
show a variation in radon exhalation rate from a low of 
0.83 Bq m " ' h^ ' in copper mines, having shallow very low 
grade uranium in Surda to a high of 9.9 Bq m " ' h " ' close 
to Jaduguda, the richest uranium deposit in this region. The 
presence of radon at deeper levels, as observed indicates 
the significance of adequate mine ventilation for removal of 
radon and its progeny. 
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Abstract 
Coal contains naturally occurring radionuclides arising from the uranium and thorium series. Burning of coal is one of the 
sources of the technologically enhanced exposure of human beings from natural radionuclides. The population is exposed to 
radiation which are discharged to the environment by the emissions from thermal power stations in gaseous and particulate 
form containing radioisotopes. This paper presents the measurements of airborne radon levels in the coal fired thermal power 
plants at Kasimpur (Uttar Pradesh), Lahra Mohabat at Bhatinda (Punjab) and at Durgapur (West Bengal) in India. Radon levels 
in the plants are found to be higher than in the Indian dwellings. Potential alpha activity, radon and its daughter concentration, 
and effective dose equivalent are obtained. 
© 2003 Elsevier Ltd. All rights reserved. 
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1. Introduction 
India depends largely (~60%) on coal for its energy 
needs and more and more coal is used with the growth of 
power generation in the country. Coal contains trace levels 
of natural radionuclides including U and Th and its com-
bustion results in their release to the environment and their 
dispersion over large areas in the vicinity of thermal power 
plants. Their redistribution from deep in the earth crust to 
the environment may significantly modify ambient radiation 
fields and population exposure. Burning of coal enhances 
the concentration of namral radionuclides in the fly ash (Jojo 
et al., 1994a) which when deposited over the soil gives rise 
to enhanced natural radiation exposure. Due to high ash 
content of Indian coal and relatively poor fly-ash control 
measures the particulate pollution as well as natural radioac-
tivity deposition are higher. This results in the production of 
large amount of residual fly ash as well as in huge emission 
of numerous toxic elements released to the atmosphere. 
Radon and its progeny contribute a great amount to the 
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elevated level of radioactivity. Carcinogenic effects of radon 
are widely acknowledged from the epidemiological studies 
among uranium miners (Sevcet al., 1976). The potential path 
ways through which the population in and around the power 
plants is exposed, are inhalation during the passage of the 
plume, external exposure and inhalation and ingestion from 
radionuclides settledontheground(UNSCEAR, 1982. 1993). 
Radiological importance of radon among other naturally 
occurring radionuclides is due to the fact that it is a noble 
gas in the uranium decay series with a fairly long half-life 
of 3.7 days. Being an inert gas it can easily disperse into 
the atmosphere as soon as it is released. The solid alpha 
active decay products of radon (""*Po, ""Po) become air-
borne and attach themselves to the dust particles, aerosols 
and water droplets in the atmosphere. When inhaled, these 
solid decay products along with air may get deposited in the 
tracheo-bronchial and pulmonary region of lungs resulting 
in the continuous irradiation of the cells which may cause 
lung cancer. 
2. Experimental method 
For the measurement of alpha activity resulting from 
radon and its daughter products small strips of LR-115 
1350-4487/03/$-see front matter © 2003 Elsevier Ltd. All rights reserved. 
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Table I 
Radon activity inside thermal power plant Kasimpur (UP) 
SI. no. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
AV. 
S.D. 
Rel. S.D. (%) 
Location for fixing the 
detector 
Mechanical workshop 
Near L.P. heater 11 
BMD store room 
Near induced draft fan 
Oil cooler 
Water treatment plant 
Near stair case 
Office 
Turbine hall (unit 1) 
Turbine hall (unit 4) 
Turbine hall (unit 5) 
Control room 
Boiler (unit 1) 
Boiler (unit I) 
Model of the plant 
Working level 
(mWL) 
43 
37 
37 
41 
42 
45 
21 
6 
39 
27 
5 
18 
22 
24 
23 
29 
13 
45 
Radon activity 
( B q m ' ) 
354 
304 
304 
337 
345 
370 
173 
49 
321 
222 
41 
148 
181 
197 
189 
236 
104 
44 
Effective dose equivalei 
(mSv/yr) 
14 
12 
12 
13 
13 
14 
7 
2 
12 
9 
2 
6 
7 
8 
7 
9 
4 
44 
Table 2 
Radon activity inside thennal power plant Durgapur (WB) 
SI. no. 
1 
2 
3 
4 
5 
AV. 
S.D. 
Rel. S.D. (%) 
Location for fixing the 
detector 
Unit-3 
4 m above ground below Hopper 
6 m above ground below Hopper 
Unit-4 
6 m above ground below Hopper 
8 in above ground below Hopper 
4 in above ground below Hopper 
Working 
(mWL) 
32 
45 
19 
49 
37 
36 
11 
31 
level Radon 
(Bq m 
263 
370 
156 
403 
304 
299 
87 
29 
activity 
-') 
Effective dose equivalent 
(mSv/yr) 
10 
14 
6 
15 
12 
11 
3 
27 
type II SSNTDs were exposed in "Bare" mode to find total 
potential alpha energy concentration (PAEC) in WL units. 
Each piece (2 cm x 2 cm) of the detector was fixed on a 
thick card and was mounted at various locations. In this 
mode of exposure the detector film views a hemisphere 
of air of radius 6.9 cm which corresponds to the range of 
alpha particles fi-om "'""Po. No surface should be closer than 
this range as daughter plate out would add indeterminate al-
pha particle source. The detectors were mounted vertical and 
exposed for 90 days. The locations were selected so that the 
dust collection on the detectors could be minimum. The bare 
mode of exposure is generally suspected to suffer from inter-
ferences due to dust deposition on the detector film. As LR 
115 detector is sensitive to only a specific range of energy, 
it is preferred for radon measurements in dusty atmospheres 
where the plate out effect will be high. The bare mode 
of exposure in the plane vertical to the ground minimizes 
the dust deposition and hence was preferred. It has been 
reported that on an average about 0.03 mg cm"' of dust 
load could affect the radon progeny estimates (Orzechowski 
et al.. 1982). Only those detectors were analyzed in which 
the dust collected during the exposure period was found to 
be less than 0.05 mg cm"' . After exposure the latent tracks 
due to radiation damage produced by alpha particles from 
radon and its progeny were revealed by chemical etching in 
2.5 N NaOH solution at 60 ± 1 "C for 90 min in a constant 
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Table 3 
Radon activity inside thermal power plant Bhatinda (Punjab) 
SI. no. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
AV. 
S.D. 
Rel. S.D. (%) 
Location for fixing the 
detector 
ESP (Unit II) 
Ash handling plant 
Ash handling plant 
Ash handling plant 
Ash handling plant 
ESP (unit I) 
ESP (unit I) 
ESP (unit I) 
ESP (unit I) 
ESP (unit I) 
ESP (unit I) 
A.C. plant 
A.C. plant 
Cable gallery 
Cable gallery 
Main switch gear 
Main switch gear 
Main switch gear 
Main switch gear 
Rectifier room 
Battery charge room 11 
Working level 
(mWL) 
15 
52 
8 
42 
39 
33 
10 
12 
14 
5 
13 
39 
52 
37 
54 
40 
7 
5 
6 
19 
9 
24 
17 
71 
Radon 
(Bq m 
123 
428 
66 
345 
321 
271 
82 
99 
115 
41 
107 
321 
427 
304 
444 
329 
57 
41 
49 
156 
74 
200 
142 
71 
activity 
'-) 
Effective dose equivalent 
(mSv/yr) 
5 
16 
3 
13 
12 
10 
3 
4 
4 
2 
4 
12 
16 
12 
17 
13 
2 
2 
2 
6 
3 
8 
5 
63 
temperature water bath. The resulting tracks were counted 
by using binocular research microscope with a magnifica-
tion of 400 x. 
To find PAEC in mWL, the detectors were calibrated with 
a known Rn concentration in a "radon exposure chamber, at 
the facility available at the Environmental Assessment Di-
vision of Bhabha Atomic Research Centre, Bombay". The 
details of the experiment are given elsewhere (Jojo et al., 
1994b). The mean calibration factor for LR-115 type II de-
tectors was found to be 442 tracks cm"" d^' per WL. Our 
measurements for the equilibrium factor at different places 
in the region, carried out earlier (Khan et al, 1995) gave 
the mean value of the equilibrium factor 0.37. Subba Ramu 
et al. (1990) measured the equilibrium factors in a large 
number of Indian dwellings and found the variation from 
0.38 to 0.70 with an average value of 0.43. Recently, Virk 
and Sharma (2000) have reported the equilibrium factor for 
radon in northern region of India in the range 0.143-0.616 
with a mean value of 0.390. Thus we have taken 0.45 as the 
equilibrium factor (F) for the region for finding the radon 
concentration (Rn) which was calculated using the relation 
F = 3700 WL/Rn. Effective dose equivalent has been calcu-
lated using the conversion coefficient reported by the Inter-
national Commission on Radiological Protection (ICRP-65). 
In the present study, measurements have been carried out 
for radon levels to estimate radiation exposure due to radon 
and its daughters in the environment of thermal power plants 
in Kasimpur (Uttar Pradesh), Durgapur (West Bengal) and 
Lahara Mohabat (Punjab). These plants are surrounded by 
residential houses. 
3. Results and discussion 
Table 1 presents the measurements made for radon con-
centrations in terms of working level and activity in Bq m ' 
inside Kasimpur thermal power plant units .The inhalation 
dose to the lung tissues in terms of effective dose equiva-
lents is also cited. The plant uses mechanical precipitator 
and it is surrounded mainly by residential houses. Radon 
activity varies from 41 to 370 Bq m" ' with an average 
of 236 Bq m " \ Table 2 shows the radon measurements 
undertaken in the thermal power plant at Durgapur in its 
two units. The variation of radon activity is from 156 to 
403 Bq m" ' with an average of 299 Bq m '. Measured 
PAEC levels and the calculated effective dose equivalent 
from the radon progeny in different rooms in the thermal 
power plant at Bhatinda are presented in Table 3. The plant 
uses electrostatic precipitator. Radon activity varies from 41 
to 444 Bq m ' with an average of 200 Bq m '. 
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In our earlier large-scale radon level measurements in In-
dian dwellings, the variations were: from 67 to 118 Bq m ' 
(Khan et al.. 1989); from 65 to 156 Bq m ' (Singh et al., 
1997): from 15 to 183 Bq m "' (Singh et al., 1999). Thus 
the radon levels inside the thermal power plants are found to 
be higher as coinpared to those in Indian dwellings. It can be 
inferred that the utilization of coal enhances the alpha activ-
ity due to radon and its daughters which may be attributed 
to the distribution of fly ash exhausted from the stacks to 
the atmosphere. Higher radon levels may also be due to the 
poor ventilation. International Commission on Radiological 
Protection (ICRP-65, 1993) recommends that some reme-
dial measures against radon in dwellings is always justified 
above a continued effective dose of 10 mSv. As per this 
limit and smaller occupancy time the occupational exposure 
in the plant area is within the safe range. 
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